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ABSTRACT 
This dissertation examines several of the current limitations and barriers to 
integration of graphene into scalable nanoelectronic devices, primarily defects from wafer-
scale graphene synthesis, graphene-substrate interactions, and growth of graphene’s 
insulating analog, hexagonal boron nitride (h-BN). These experimental studies are 
fundamental in nature, but they highlight parameters relevant to applications. 
Chemical vapor deposition (CVD) growth of graphene on Cu foil provides one path 
to wafer-scale graphene, but it creates rotationally misoriented graphene domains that form 
grain boundaries (GBs) when these domains merge. These graphene GBs strongly perturb the 
local graphene electronic structure, leading to localized states and decreased the local work 
functions. The GBs induce p-n-p and p-p’-p (p’ < p) potential barriers that scatter charge 
carriers. This effect occurs over a length scale of  ~1 – 2 nm on either side of the GBs.  
We employ the ultrahigh vacuum scanning tunneling microscope (UHV-STM) to 
study the interaction between graphene and the clean Si(111) – 7×7 surface. The STM 
measurements exhibit an electronic semi-transparency effect in which the substrate electronic 
structure is resolved “through” the graphene. Combining STM results with simulations 
indicate that the STM tip pushes the graphene closer to the surface. 
 Many studies identify h-BN the ideal insulating substrate for graphene. However, full 
understanding of the mechanisms for CVD growth of h-BN on Cu foil is lacking. The 
chamber pressure during the growth step has a dramatic effect on the morphology, chemical 
structure, and growth rate of the resulting h-BN films. Growth of h-BN by low pressure CVD 
creates planar, uniform h-BN, while growth at higher pressures gives more disordered films 
with amorphous, polymeric surface layers due to passivation of the Cu catalyst substrate. 
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CHAPTER 1. INTRODUCTION 
 
1.1 Background  
Although the study of graphene commenced prior to the first papers from Geim and 
Novoselov isolating few-layer graphene and demonstrating the field effect [1], interest and 
activity in the field of graphene-related studies exploded after the publishing of that paper. 
The demonstration of the quantum Hall effect and Berry’s phase in graphene [2] soon after 
furthered interest in this material. Part of this interest is due to the hype of a “new” material, 
just as has happened with other materials such as carbon nanotubes. However, graphene 
possesses some fantastic properties to justify the intense work and interest in the field since 
2004.  
Graphene consists of a single atomic layer of C atoms bonded in sp
2
 configuration in 
a honeycomb lattice (Figure 1.1) with a two atom basis in the unit cell. The in-plane lattice 
constant is 2.46 Å. This physical structure leads to the linear energy-momentum relation for 
low energies near the K and K’ points of the Brillouin zone (Figure 1.2) of graphene and 
semimetallic behavior [3]. At these low energies, the dispersion relation becomes 
 E(k) = ħvF|k|; where ħ is the reduced Planck constant; vF is the Fermi velocity in graphene; 
and |k| is the magnitude of the wavevector (in momentum space) [3].  While vF is typically 
1×10
6
 m/s, this can depend on the carrier density in the graphene [4]. The physical and 
electronic structure of graphene lead to phenomenal properties such as carrier mobilities in 
excess of 2×10
5
 cm
2
 V
-1
 s
-1
 for suspended graphene at low temperature and carrier 
concentrations [5] and electron and hole mobilities in excess of 4000 cm
2
 V
-1
 s
-1
 on SiO2/Si 
at room temperature [6]. Due to the linear band structure, the electron and hole mobilities 
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should be symmetric, unlike most materials that have lower hole mobility than electron 
mobility.  
The mechanical properties of graphene are equally as impressive as the carrier 
mobilities, with a demonstrated Young’s modulus ~ 1TPa [7, 8]. The room temperature in-
plane thermal conductivity of suspended graphene falls in the range of 2000–4000 W m-1 K-1 
for suspended graphene, which is similar to the thermal conductivity of diamond [9]. This 
suggests an alternative non-electronic application of graphene as a heat spreading material. 
These properties are certainly sufficient to justify great interest in graphene.  
Despite these fantastic properties of graphene, there are challenges and problems 
preventing the integration of graphene into new electronic devices. Although graphene 
possesses no bandgap [3], the use of graphene as radio frequency (RF) transistors [10] does 
not require that it actually has a bandgap. Further, there are other possible structures that 
could enable incorporation of graphene devices with silicon-based electronics [11] that do 
not require the formation of a bandgap in the graphene. While it is amusing to imagine an 
army of engineers exfoliating billions of graphene flakes in order to make a chip, growth of 
wafer-scale graphene is necessary in order to successfully incorporate it into future electronic 
devices. While the highest carrier mobilities were measured on suspended graphene 
structures [5], actual devices will almost certainly sit on a substrate to interface the two-
dimensional graphene with the three-dimensional world. The influence of this substrate on 
the properties of the graphene will determine which substrates are feasible for devices.    
Further along the lines of substrate interactions, there is great interest in coupling 
graphene with its two-dimensional, insulating analog, hexagonal boron nitride (h-BN) in 
vertical and lateral heterostructures [12-25]. The lattice structure of h-BN is the same as 
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graphene (Figure 1.1), but one sublattice consists of B atoms and the other of N atoms; the 
in-plane lattice constant is also slightly larger at ~2.5 Å [26]. There is also a great deal of 
research effort underway to couple graphene and h-BN with the transition metal 
dichalcogenides (TMDCs) to allow novel device structures, including those that do not seek 
to use graphene to replace Si as the switch in logic circuits [27]. In order to enable these 
heterostructured devices, control over the growth of h-BN will also be of the utmost 
importance. 
1.2 Graphene Grain Boundaries 
 Among the primary challenges for successful integration of graphene into a new 
generation of nanoelectronic devices is the ability to grow graphene in wafer-scale quantities, 
cheaply. Growth of epitaxial graphene on SiC(0001) was among the earliest methods used to 
synthesize graphene at the wafer scale [28, 29], nearly concurrently with the exfoliated 
experiments [1]. However, the growth does not self-limit to one monolayer of graphene on 
the surface. Typically, there are regions with more than one graphene layer [29] and a 
strongly bonded interfacial layer present between the graphene and the SiC substrate [30]. 
However, steps in the SiC(0001) surface and change in graphene layer number lead to carrier 
scattering [31], and the carrier mobility is lower than that for exfoliated graphene [32]. Still, 
the carrier mobility is sufficiently high to enable fabrication of radio frequency (RF) 
transistors using epitaxial graphene with cutoff frequencies of 100-GHz [10]. 
 Growth of graphene by chemical vapor deposition (CVD) on transition metals [33-
37] presents an alternative path for the growth of wafer-scale graphene to the use of SiC 
substrates. Among the potential growth materials on which it is possible to grow graphene, 
CVD growth of graphene on Cu has generated more interest and sustained refinement of the 
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growth method. There are a few reasons for the selection of Cu over the other possible 
transition metals. The low cost of Cu relative to other rarer growth materials like Ir, Pt, Ru, 
or single crystals of those metals is certainly attractive for use in more than one experiment 
or on a larger manufacturing scale. However, the primary motivation for the intense interest 
in CVD of graphene on Cu is the ability to grow predominantly monolayer graphene under 
the right growth conditions, and the ability to transfer the grown graphene to other substrates 
for device fabrication [35]. Furthermore, graphene grown by this method can be used to 
fabricate flexible devices [38] and touch screens [39]. Such a transfer process requires more 
steps if one wishes to use graphene grown on SiC(0001). Furthermore, SiC wafers are much 
more expensive than the polycrystalline Cu foil typically used to grow CVD graphene. 
 However, the growth of graphene on Cu is not epitaxial, leading to randomly oriented 
graphene grains that coalesce into a patchwork quilt [40] when the growth is complete. The 
quality of the resulting graphene depends on hydrogen etching during the growth process, 
carbon diffusion on the surface, the crystalline facets of the polycrystalline Cu substrate, and 
other growth conditions [41-45]. The structures “stitching” together the graphene patchwork 
quilt are called grain boundaries (GBs). Typically, the GBs that result from CVD growth of 
graphene on Cu foil are rotational boundaries.  
Due to the obvious occurrence of these graphene GBs for non-epitaxial, wafer-scale 
growth, there are many different experimental and theoretical reports on their properties. 
Transmission electron microscopy (TEM) of graphene GBs very clearly show their topology 
and find that the GBs from CVD growth of graphene on Cu tend to be aperiodic [40, 46, 47]. 
Several theoretical studies have examined the electronic structure of graphene GBs and 
transport across them. These theoretical studies predict the presence of a transport gap that 
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depends on the type of GB [48]; different stable structures typically involving pentagon, 
heptagons, and strained hexagons [49]; and a modified electronic structure with localized 
states at the GBs [50]. Due to the computational limitations, these studies examined periodic 
graphene GBs. Transport measurements of devices traversing graphene GBs have very 
clearly demonstrated the deleterious effects of the GBs on carrier transport and weak 
localization [42, 51].  
 Despite the local nature of the electronic perturbation induced in the graphene by the 
presence of the GBs and the observation of the topology of the GBs using TEM, direct 
measurements of the electronic structure of the graphene GBs at the correct length scale were 
lacking. The scanning tunneling microscope (STM) operated under ultrahigh vacuum (UHV) 
conditions allows access to the electronic structure of the graphene GBs on the atomic scale 
and preserves the cleanliness of the system, thus removing any effects of ambient 
contamination such as oxygen and water from the analysis.  
1.3 Graphene-Substrate Interaction 
 Understanding the electronic and topographic properties of graphene on the atomic 
scale is crucial to efforts to integrate graphene into future nanoelectronic devices. 
Experimental studies have shown that the substrate places a critical role in perturbing and 
determining the electronic and topographic properties of graphene. The SiO2/Si substrate 
most commonly used as the support for graphene induces spatial doping fluctuations, or 
charge inhomogeneities, in the graphene independent of the topographic fluctuations due to 
the roughness of the oxide [52]. This charge inhomogeneity leads to increased carrier 
scattering and thus reduced carrier mobility. Scanning tunneling potentiometry measurements 
have shown that steps in the SiC(0001) surface  lead to scattering of carriers depending on 
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the height of the step [31]. By contrast, STM study of graphene deposited on the Si(100)–
2×1:H [53, 54], InAs(110), and GaAs(110) [55] surfaces has revealed that these surfaces do 
not have a strong perturbative effect on the graphene itself, despite the clean, unpassivated 
interface for the III-V(110) surfaces [55]. Recent experiments suggest that atomically-flat 
hexagonal boron nitride (h-BN) might be the best substrate for graphene. Transport data and 
STM/S confirm much higher carrier mobility [56, 57] and drastically reduced charge 
inhomogeneity [58, 59] for graphene deposited on exfoliated h-BN, as compared with 
SiO2/Si. Recent studies using the tunable work-function of graphene to create devices based 
on the Schottky barrier [60-62] that forms between graphene and Si further underscore the 
importance of understanding the graphene – Si interface. A study of graphene on a very 
reactive, flat Si surface with a high density of dangling bonds is lacking in the literature. 
Such a study can help elucidate the nature of the graphene – Si interaction that is crucial to 
the devices based on the Schottky barrier between the two.  
1.4 Growth of Hexagonal Boron Nitride 
 As mentioned in Section 1.2, thus far hexagonal boron nitride (h-BN) is the ideal 
insulating substrate for typical field-effect graphene electronic devices, due to the reduced 
roughness [56] and reduced charge inhomogeneity [58, 59] compared with SiO2/Si. 
However, these studies demonstrating the vast improvement in both exfoliated [56] and 
CVD-grown [57] graphene used h-BN exfoliated from bulk crystals [63, 64] with similar 
layer coverage as graphene exfoliation. While this source material is ideal for small-scale 
devices to test fundamental concepts, implementation of h-BN as a substrate for graphene 
devices requires the ability to grow it on a wafer-scale. Following the graphene analogy, 
CVD of h-BN on transition metal substrates using borazine (B3N3H6) or ammonia-borane 
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(H3N–BH3) as the precursor is a viable path to achieve wafer-scale h-BN. We note that a 
recent report demonstrated controllable growth of h-BN with control over the layer number 
using reactive magnetron sputtering [65]. However, this process requires a single crystal 
Ru(0001) thin film  and requires many sputtering and annealing iterations to grow thicker h-
BN films. This technique is promising, however, for growing vertical hybrid graphene/h-BN 
structures with precise control of the layer number for each h-BN layer. 
The primary substrates investigated thus far for CVD growth of h-BN include 
Ru(0001) [66], polycrystalline Pt foil [67], polycrystalline Ni foil [68, 69], polycrystalline Cu 
foil [17, 70-73], and single-crystal Cu [74]. However, prior work more than a decade ago 
also studied growth on single crystal metals in UHV [75-79]. The results of these growths 
vary from submonolayer islands [71, 73] to very thick films [68] with no demonstrated 
control of the resulting film thickness or deterministic control of the number of layers as a 
function of the growth parameters. This indicates that the growth mechanisms are not well 
understood.  
Most recent studies of CVD growth of h-BN use polycrystalline Cu or Ni foil without 
considering that these substrates might have different growth mechanisms, as they do for 
graphene growth [80]. The recent observation of the dependence of h-BN layer number on 
the cooling rate for CVD growth of h-BN on Ni foil suggests that there is a component of the 
growth that involves precipitation from the substrate [81]. Determining whether the growth 
of h-BN on Cu foil is based on surface catalysis, as has been speculated [71], or also involves 
precipitation from the Cu bulk is important to controlling the growth process. There is a well-
established set of experiments studying graphene growth on different facets of Cu [82-84] 
and the influence of the Cu crystalline structure on graphene growth [45]. Such studies of h-
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BN growth as a function of the substrate structure are lacking. The only relevant report 
shows that the quality of their h-BN films improve with long anneal times and etching of the 
Cu foil to reduce the surface roughness [72]. Successful integration of h-BN with graphene 
or TMDCs for future devices requires good control and understanding of the growth 
mechanisms to allow deterministic control of the film thickness and crystalline quality. 
1.5 Scanning Tunneling Microscopy  
 Ultrahigh vacuum scanning tunneling microscopy and spectroscopy (UHV-STM/S) is 
an extremely powerful technique for studying the local topographic and electronic properties 
of surfaces and interfaces with sub-Ångström lateral and vertical resolution. The STM 
experiments described in this document utilized a home-built UHV-STM of the Lyding-
design [85, 86] with a base operating pressure of 5×10
-11
 Torr operating in constant-current 
scanning mode. In this mode, the feedback electronics vary the tip-sample spacing in order to 
maintain the setpoint current while the tip raster-scans the surface. Scanning tunneling 
spectroscopy allows access to the local electronic structure and the local density of states 
(LDOS) of the sample [87]. During STS at a particular location on the surface, the initial 
current and tip-sample bias setpoints determine the tip-sample spacing. With the feedback 
loop off, the tip-sample bias sweeps between the pre-determined values while recording the 
tunneling current. In some cases, a lock-in amplifier is used to add an a.c. dither at a higher 
frequency than the response of the feedback loop on top of the tip-sample bias and record the 
a.c. component of the resulting tunneling current. The in-phase component of the tunneling 
current directly gives the tunneling conductance (dI/dV), which is proportional to the LDOS 
[87]. Generally, the STM tips used in this work were electrochemically-etched from 
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polycrystalline W wire. Some of the tips were sharpened to improve the performance using 
the field-directed sputter sharpening (FDSS) technique pioneered in our lab [88].  
1.6 Thesis Statement and Dissertation Structure 
 The goal of this dissertation is to explore the current limitations and barriers to 
integration of graphene into scalable nanoelectronic devices. We employ STM and its 
inherent lateral resolution to study graphene synthesis defects and interactions with a 
technologically relevant Si surface. We utilize a variety of surface science techniques to 
examine the large-scale synthesis of h-BN to understand the role of the CVD parameters. 
These experimental studies are fundamental in nature, but they still highlight parameters very 
relevant to applications of these materials. 
 In Chapter 2, we use the STM to study the electronic properties of grain boundaries 
(GBs) in graphene grown by CVD on polycrystalline Cu foil, after transfer to insulating 
SiO2/Si support substrates. This helps to decouple the measured properties of the graphene 
from their interaction with the Cu growth surface. We find that the grain boundaries are 
aperiodic and decrease the local work function of the graphene in a region ~2 nm to either 
side of the GBs. This decrease of the local work function leads to potential barriers at the 
grain boundaries. Fourier analysis of the observed electronic superstructures adjacent to the 
GBs indicates that backscattering and intervalley scattering are the dominant scattering 
modes from the GBs. The observation of smaller potential barriers for periodic GBs with 
smaller misorientation angles indicates the importance of the bonding of the GB in 
determining the scattering in large-area graphene. 
 In Chapter 3, we study the interface between graphene and the clean Si(111) – 7×7 
substrate. We observe a semi-transparency effect for monolayer graphene on this surface; 
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wherein the STM resolves the atomic structure of the substrate 7×7 surface reconstruction 
through the graphene layer. Unlike graphene deposited on the GaAs(110) and InAs(110) 
surfaces [55], the semi-transparency effect persists for all tip-sample biases for monolayer 
graphene on Si(111) – 7×7. Using density-functional theory (DFT), we reach the surprising 
conclusion that no bonds form between the graphene and the silicon surface. By comparing 
simulated STM images with the experimental STM images, we conclude that the origin of 
the semi-transparency effect is the STM tip pushing the graphene closer to the substrate in 
order to establish the setpoint tunneling current. Comparing scanning tunneling spectroscopy 
(STS) data with the calculated electronic structure, we find reasonable agreement that the 
graphene is n-doped on the Si(111) – 7×7 surface. Unlike the case of the III-V(110) surfaces 
[55], the semi-transparency effect also occurs for bilayer graphene on the Si(111) – 7×7 
surface.  
 In Chapter 4, we study the effects of growth pressure on the CVD synthesis of h-BN 
on polycrystalline Cu foil using ammonia-borane as the precursor. Highly crystalline, planar, 
and thin h-BN grows in the low pressure (P ≤ 2.0 Torr) (LPCVD) regime. Fixing all 
parameters except the growth pressure, medium pressure (P = 20 Torr or 200 Torr) and 
atmospheric pressure (P = 760 Torr) (APCVD) growth conditions lead to thicker films with a 
mixture of h-BN and an sp
3
 component arising from incomplete decomposition of the 
volatile byproducts of the ammonia borane precursor. Under medium pressure and APCVD 
conditions, the faster growth rate more quickly passivates the Cu catalyst. Without the 
catalytic activity of the Cu surface, the volatile ammonia-borane precursor byproducts do not 
fully decompose. Growth under LPCVD conditions with higher precursor flux gives thicker, 
more nanocrystalline films. Hence, controlling both the overall growth pressure and the ratio 
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of the Ar/H2 carrier gas to the flux from the precursor is necessary for consistent and 
controllable CVD of h-BN.  
 In Chapter 5, we summarize the findings and conclusions of the studies reported here. 
We also list future studies that build off of the results found in these experiments and push 
toward integration of graphene with other two-dimensional materials. 
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1.7 Figures 
 
 
 
Figure 1.1. Graphene honeycomb lattice. The red-diamond indicates the two-atom basis of the unit 
cell. The two sublattices are labeled here as “A” and “B”.  
 
 
 
Figure 1.2. (a) This diagram illustrates the first Brillouin zone of graphene with the important 
symmetry points labeled. The zone center is Γ; the middle of the zone edge is M; and the vertices are 
the K and K’ points. (b) Illustration of the Dirac cone describing the linear energy-momentum 
relation for small energies near the K and K’ points.   
A sublattice B sublattice

M
K’
K
a b
K or K’
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CHAPTER 2. POTENTIAL BARRIERS AND SCATTERING  
FROM GRAPHENE GRAIN BOUNDARIES 
 
2.1 Graphene Grain Boundaries  

  Graphene is a two-dimensional, zero-bandgap semimetal with exceptional electrical 
properties [1]. Wafer-scale growth of monocrystalline graphene with controllable number of 
layers is a primary challenge to integrating graphene into nanoelectronic devices and circuits 
which exploit these properties. Therefore, many researchers are investigating large-scale 
graphene synthesis by thermal decomposition of Si from SiC(0001) [2] surfaces and transfer 
to other substrates [3], as well as by chemical vapor deposition (CVD) on noble and 
transition metal substrates [4-8]. Among these, CVD growth of graphene on Cu is interesting 
due to the ability to grow predominantly monolayer graphene [6] and transfer it to other 
substrates. Since graphene growth on Cu is not epitaxial, this process leads to the formation 
of randomly oriented grains with shapes based on hydrogen etching, carbon diffusion, and 
other growth conditions [9-13]. When these individual graphene grains coalesce into a film, 
graphene grain boundaries (GBs) form. Recent theoretical studies of GBs [14-16] predict 
modified electronic structures and transport barriers at certain periodic boundaries. 
Transmission electron microscopy (TEM) and atomic force microscopy (AFM) studies of 
graphene GBs show that the resulting GBs are aperiodic [17-19] with differing grain sizes 
[20]. Recent experiments demonstrate the deleterious effects of GBs on carrier transport [10, 
21], and recent reports imaged graphene GBs on Cu(111) [22] and Cu foil [23]. While a 
recent paper [24] reported scanning tunneling microscopy and spectroscopy (STM/S) data for 
                                                 
*
 Material in this chapter is modified and reproducted with permission from  J. C. Koepke, J. D. Wood, D. 
Estrada, Z. Ong, K. T. He, E. Pop and J. W. Lyding, "Atomic-scale evidence for potential barriers and strong 
carrier scattering at graphene grain boundaries: A scanning tunneling microscopy study," ACS Nano, vol. 7, no. 
1, pp. 75-86, 2013. Copyright 2013 American Chemical Society. 
 
 22 
 
GBs in graphene grown by CVD on Cu, the study was performed in ambient conditions with 
the graphene still on the Cu foil growth surface. Direct measurements performed under 
ultrahigh vacuum (UHV) conditions, and after high temperature annealing, of the graphene 
GB electronic structure and carrier scattering from GBs in CVD graphene on insulators like 
SiO2 have not been reported yet.  
In this dissertation we investigate GBs in transferred CVD graphene on SiO2 using 
UHV scanning tunneling microscopy (UHV-STM) and spectroscopy (STS). In agreement 
with the recent TEM studies of graphene GBs [17-19], we find that the GBs are aperiodic, as 
expected from non-epitaxial growth on Cu. We easily distinguish GBs from the growth 
versus wrinkles caused by the growth process [23, 25] or induced post-growth by the transfer 
process [20, 26]. The GBs significantly alter the graphene electronic structure, with most 
showing enhanced empty states tunneling conductance, and lead to localized states at the 
GBs. Additionally, the local doping of the GBs shifts from p-type in the bulk to lower-doped 
p-type or n-type doping. We also observe decaying standing waves propagating in the zigzag 
directions and superstructures immediately adjacent to the GBs. Analyzing these patterns 
shows a decay length on the order of ~1 nm. Fourier transforms of the STM images show 
that intervalley scattering and backscattering are the dominant scattering mechanisms from 
these aperiodic GBs, which lead to the decrease of carrier mobility in CVD-grown graphene. 
2.2 Graphene Characterization after Growth and Transfer  
 Figure 2.1a shows an optical image of our transferred graphene sample on SiO2/Si. 
The sample displays areas of differing contrast, which we attribute to multiple graphene 
layers. Figure 2.1b gives point Raman spectra taken at the locations marked in Figure 2.1a, 
indicating definite variation in the G’/G (also called 2D/G) peak intensity ratio. The ratio for 
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curves 1, 2, and 3 are 1.05, 1.08, and 1.88, respectively. Based on the optical contrast and the 
G’/G intensity ratios, spectrum 1 is near a monolayer and bilayer graphene transition [27], 
spectrum 2 is bilayer graphene, and spectrum 3 is monolayer graphene. Thus, the Raman data 
and the optical contrast show that the growth yielded a mixture of monolayer and bilayer 
graphene. High resolution STM scans of the sample reveal that the growth parameters 
yielded predominantly turbostratic graphene (see Section 2.10.3, page 45). Figure 2.1c shows 
a 20  20 m AFM scan of the graphene after transfer to the SiO2/Si substrate and surface 
preparation (i.e., degas at 600–700 °C for 24 hours) for the UHV-STM system (see Materials 
and Methods in Section 2.10, page 44). Clearly, there is debris remaining from the graphene 
growth or transfer process that was not removed during the sample preparation. The surface 
also displays graphene film ripples and wrinkles. The smaller line features on the surface are 
graphene wrinkles [20, 25, 26, 28] and not GBs, as they are too tall compared to GBs 
observed by STM. A small-area STM image shown in Figure 2.1d and taken in a region 
without wrinkles shows the characteristic graphene honeycomb lattice against the underlying 
SiO2 topography.  
2.3 Graphene Grain Boundary Misorientation Angles and Heights 
 Unlike prior STM studies of GBs in HOPG [29, 30] the graphene GBs in CVD-grown 
graphene studied here are generally aperiodic. They also show no preferential misorientation 
angle between the different graphene domains. Further, we note that these GBs occur in 
regions of turbostratic bilayer graphene (see Section 2.10.3, page 45). Figure 2.2 shows 
several GBs, contrast-enhanced by taking spatial derivatives of STM topographs. The 
misorientation angles between the graphene grains for the GBs shown in Figure 2.2 are ~6°, 
9°, 10°, 20°, 22°, 26°, 27°, and 29°. Due to the curvature of the graphene induced by 
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conformation to the underlying SiO2 surface, there is a mosaic spread of ~1–2° in the 
measurements. The misorientation angle between the two graphene grains shown in Figure 
2.2a is ~29°, and the resulting GB is well ordered with the exception of transfer-induced 
contamination. The triple GB shown in Figure 2.2b illustrates the difference in disorder and 
structure of the GBs for three different graphene grain misorientation angles. The 
misorientation angle between the lower-left and upper graphene grains is ~9°, the upper and 
lower-right grains is ~22°, and the lower-right and lower-left grains is ~29°, respectively. 
Figure 2.2c shows another triple GB with misorientation angles between the right and lower-
left, lower-left and upper-left, and upper-left and right graphene grains of ~6°, 20°, and 26°, 
respectively. The GBs shown in Figures 2.2d and 2.2e have relative misorientation angles of 
~27° and ~10°, respectively. These images also have (√3×√3)R30° superstructures on both 
sides of the GBs in each image. The comparison of the heights of the different GBs studied 
with grain misorientation angle displayed in Figure 2.2f shows that most of the GBs are 
around 1 – 2 Å tall with the GBs with smaller misorientation angles generally having larger 
and more varied apparent heights in the STM. The average value for all of the GBs measured 
was ~1.9 Å. The apparent height can also vary by a few angstroms even for GBs with very 
similar grain misorientation angles. The error bar for on the first point for the misorientation 
angle illustrates the variation in the graphene lattice directions due to the graphene 
conformation to the SiO2 topography. 
2.4 Scanning Tunneling Spectroscopy of Graphene Grain Boundaries 
While the recent TEM studies of graphene GBs [17-19] resolved the exact structure 
of some graphene GBs, the GB electronic structure information was absent. Studies of 
hexagonal graphene grains measuring the resistances of individual GBs [10, 21] have 
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demonstrated their impediment to carrier transport. Here, our ultra-clean, UHV-STS 
measurements of GBs in CVD graphene transferred to SiO2 fill the knowledge gap between 
the TEM studies and the individual GB device measurements. The GBs described here 
(Figures 2.3 and 2.4) occur in regions of turbostratic graphene (see Section 2.10.3, page 45). 
Figure 2.3a shows the same triple GB from Figure 2.2b with a yellow arrow indicating the 
location of a (I – V) spectra line. The calculated tunneling conductance (dI/dV) spectra map 
from this spectra line is shown in Figure 2.3b, with a vertical, dashed black line marking the 
location of the GB. There is clear enhancement of empty states (dI/dV) between the spectra at 
and near the GB versus that of the graphene further away from the GB. Figure 2.3c compares 
individual (dI/dV) spectra taken on (solid, black line) and off (dashed, red line) the GB, 
showing strong empty states (dI/dV) enhancement at the GB. This asymmetric, enhanced 
empty states tunneling conductance at the GB is seen in most of the GB spectroscopy 
studied. Figure 2.3d shows a larger STM image of the same triple GB as in Figures 2.2b and 
2.3a with lower resolution than in Figure 2.3a. The yellow arrow in Figure 2.3d indicates the 
location of a line of (I – V) spectra taken across the GB between the lower-left and lower-
right graphene grains. Figure 2.3e shows the calculated (dI/dV) tunneling conductance map 
for the GB marked in Figure 2.3d. A vertical, dashed black line on the map indicates the GB 
location. Similarly, these data show enhanced empty states (dI/dV) at the GB as compared to 
the surrounding graphene. Individual spectra in Figure 2.3f highlight this observation.  
The constant-voltage cuts of the tunneling conductance (dI/dV) spectra map across 
the GB from Figure 2.3(e) shown in Figure 2.4 illustrate the enhancement of the (dI/dV) in 
empty states at the GB. The x-axis scale is the same for the three plots, but the y-axis scales 
are different. The dashed, vertical green line on the plots indicates the location of the GB. 
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The individual cuts at V = +0.1012 V, V = +0.2114 V, and V = +0.4218 V each show larger 
(dI/dV) at the GB relative to the (dI/dV) for the areas away from the GB. The absolute 
tunneling conductance is smaller for the smaller tip-sample biases, as expected. However, the 
enhancement at the GB is still present. We extracted the decay lengths plotted in Figure 2.5 
using constant tip-sample bias cuts of the (dI/dV) spectra map from Figure 2.3(e) in the main 
manuscript. These are calculated on both the left and the right sides of the GB for each empty 
states tip-sample bias cut. 
Figure 2.5 shows the extracted decay length of the enhanced empty states (dI/dV) 
from the data shown in Figure 2.3e of the main manuscript plotted as a function of tip-sample 
bias. The blue, open triangles represent the decay lengths extracted to the right side of the 
GB, and the red, open circles represent the decay lengths extracted to the left side of the GB. 
These values were extracted by fitting an exponential decay to the left or right side of the GB 
to each voltage cut from the spectra map in Figure 2.3e of the main manuscript. The average 
decay length on the left side of the GB is 0.90 ± 0.29 nm, and that to the right side of the GB 
is 1.18 ± 0.39 nm. The decay lengths of ~1 nm on average indicate that the perturbation to 
the electronic structure caused by the presence of the GB decays on the order of 1 nm away 
from the GB. 
To first order, normalization of the tunneling conductance by the normal 
conductance, or (dI/dV)/(I/V), should remove the dependence on the transmission coefficient 
leaving the normalized surface DOS plus a background term [31]. Figure 2.6a shows the 
(dI/dV) spectra map from Figure 2.3b after normalizing the data by (I/V) [32], with a vertical, 
dashed black line indicating the GB location. The asymmetric enhancement present in empty 
states for the tunneling conductance is not present after normalization by (I/V). The 
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individual point comparison in Figure 2.6b shows the (dI/dV)/(I/V) for the same two points as 
the (dI/dV) comparison in Figure 2.3c. This point comparison reiterates that the overall, 
asymmetric enhancement of empty states in the (dI/dV) data at the GB is not present in the 
normalized data. Figures 2.6c and 2.6d also show the (dI/dV)/(I/V) spectra map and 
individual point comparison for the (un-normalized) (dI/dV) data from Figures 2.3e and 2.3f, 
respectively. Again, the vertical, dashed black line indicates the GB location. The 
normalization of this data also removes the asymmetric, empty states enhancement present at 
the GB in the (un-normalized) (dI/dV). The (I – V) spectra for both GBs in Figures 2.3 and 
2.6 also show higher current in empty states on the GBs than on the surrounding graphene. 
This removal of the enhanced empty states (dI/dV) present at the GBs upon normalization by 
(I/V) suggests that the asymmetric, enhanced empty states (dI/dV) at the GBs arises from a 
tunneling transmission coefficient effect due to a change in apparent barrier height at the 
GBs. The spectra map in Figure 2.6c also shows localized states near the GB at 
approximately +0.15 V that decay away from the GB. The individual (dI/dV)/(I/V) point 
comparison in Figure 2.6d also shows these states at the GB near +0.15 V that are not present 
away from the GB. This implies that the states are a local property of this particular GB. The 
presence of localized states at and near the GB in the data from Figures 2.6c–d is consistent 
with observations on periodic GBs in HOPG, whose localized states depend on the GB 
structure [29, 30]. We note that the “oscillations” visible in the individual (dI/dV) and 
(dI/dV)/(I/V) spectra in Figures 2.3c, 2.3f, 2.6b, and 2.6d are from noise in the original (I – V) 
spectra from which the (dI/dV) are calculated and are not from Landau levels caused by 
strain within the graphene [33]. We also note that our energy resolution is limited by the 
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room-temperature measurements to ~50 meV, typical for thermal broadening at room 
temperature in the STM sample and tip. 
2.5 Potential Barriers at Graphene Grain Boundaries 
Since no pronounced secondary minima are present in the (dI/dV) spectra shown in 
Figure 2.3, the minimum of the (dI/dV) corresponds to the Dirac point [34]. The plot in 
Figure 2.7a shows the tip-sample bias of the minimum of the (dI/dV) spectra from the line of 
spectra across the GB from Figure 2.3d, which has a misorientation angle of ~29° and an 
average apparent height of 0.12 nm. From the Gaussian fit (red line), the Dirac point on the 
GB occurs at –0.044 V and the value in the surrounding graphene away from the GB is 
+0.057 V. We convert these Dirac point values to charge-carrier concentration using the 
equation n = (ED
2 ) (πħ2vF
2)⁄ , where ED is the energy of the Dirac point, ħ is Planck’s constant 
divided by 2π, and n is the carrier concentration, and vF is the Fermi velocity (vF =  10
6
 m/s). 
We note that this is a fair first order estimate of the doping [15, 24, 35]. This gives a p-type 
doping of 2.4×10
11
 cm
-2
 in the bulk graphene away from the GB and an n-type doping of 
1.4×10
11
 cm
-2
 at the GB.  The full width at half maximum for this doping change from the 
Gaussian fit is ~3.6 nm. So the GB from Figure 2.3d shifts the doping from p-type to n-type, 
creating a p-n-p junction and changing the local work-function over a distance of ~3.6 nm.  
Similarly, Figure 2.7b shows the tip-sample bias of the minimum of the spectra from 
a line of spectra across the GB from Figure 2.2d. The GB from Figure 2.2d has a 
misorientation angle of ~27° and an average apparent height of 0.17 nm. The Gaussian fit 
(red line) for this data gives a Dirac point in the bulk graphene away from the GB of +0.13 V 
and a Dirac point on the GB of +0.073 V. The full width at half maximum of this Gaussian 
fit is ~4.2 nm. These correspond to p-type doping of 1.3×10
12
 cm
-2
 in the bulk graphene away 
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from the GB and p-type doping of 3.9×10
11
 cm
-2
 at the GB. Hence this second GB has p-p’-p 
doping (p’<p). In both cases, the presence of the GB shifts the doping toward n-type from the 
bulk, or decreases the work function. This decrease in work function would modify the 
apparent tunneling barrier height and affect the tunneling transmission coefficient.  
Our results show that the modified topological structure of the GBs leads localized 
states and decreases the work function. Normalization of the (dI/dV) spectra by (I/V) suggests 
that the observation of enhanced empty states (dI/dV) at the GBs arises from transmission 
coefficient change due to a change in apparent tunneling barrier height, as would occur with 
the measured work function change at the GBs. Figure 2.8 contains a plot illustrating how a 
shift in doping, with a decrease in work function, could lead to the observed enhanced empty 
states (dI/dV) at the GBs described in Figures 2.3 and 2.4. Furthermore, a recent STS study of 
N-doped CVD graphene also observed enhanced empty states (dI/dV) near the sites of the 
dopants compared to the undoped CVD graphene [36]. Depending on the GB topology, the 
misorientation angle, and the background doping of the bulk graphene, the shift in the work 
function can lead to the formation of a graphene p-n-p junction (Figure 2.7c), where the 
transition between the doping levels occurs over a width of ~1.8 – 2.1 nm. We note that the 
length scale for this doping shift associated with the GBs is ~1–2 nm, while the length scale 
associated with the doping fluctuations due to charge puddling of graphene on SiO2/Si is 
closer to 10 – 20 nm or more [37, 38]. 
2.6 Scanning Tunneling Spectroscopy of Graphene Grain Boundaries on Mica 
We examine UHV scanning tunneling spectroscopy (STS) of CVD graphene 
transferred onto a freshly cleaved mica surface [39] to compare the effect of a different 
substrate on the graphene GB spectroscopy. The details of the sample preparation can be 
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found in a recent report [39], which also examined the water trapped between the mica and 
the graphene. Recent Raman spectroscopy measurements of exfoliated graphene on mica 
found that the doping, as determined by Raman spectroscopy, was lower than expected for 
graphene on bare mica [40]. The lowered doping resulted from water trapped between 
graphene and the mica, which effectively screens the p-type mica and reduces the charge 
puddling observed for graphene on SiO2/Si [37, 38]. Our spectroscopic results for CVD 
graphene transferred to mica with trapped water layers underneath also find low doping 
levels [39]. The spectroscopy of GBs on this surface shows that they also have doping shifts 
and potential barriers. The first GB described here occurs in a region of bilayer graphene, 
while the second GB is in a region of monolayer graphene.  
 Figure 2.9 shows STS data collected for a large angle GB in a region of bilayer CVD 
graphene on mica with water trapped between the graphene and mica. The STM topograph in 
Figure 2.9a shows a grain boundary with a grain misorientation angle of ~29° and a 2 nm 
scale bar. The red, horizontal line shows the location of a line of STS points across the GB. 
For this GB, we obtain the tunneling conductance (dI/dV) by differentiating the (I – V) 
spectra. The spectra map in Figure 2.9b plots the (dI/dV) versus tip-sample bias and position 
along the line indicated in Figure 2.9a with a color scale to the far right. The spectra map 
shows locally enhanced empty states (dI/dV) at the GB. The horizontal cut at a constant tip-
sample bias of +0.21 V (along the horizontal, blue line) shown above the spectra map 
illustrates this local empty states (dI/dV) enhancement. Individual (dI/dV) curves taken on 
and off the GB plotted to the right of the spectra map also show the enhanced empty states 
(dI/dV) at the GB. These curves also show a shift in the tip-sample bias of the minimum of 
the curve for the “On GB” curve.  
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Figure 2.9c gives a plot of the tip-sample bias of the minimum of the each (dI/dV) 
curve versus position along the line from Figure 2.9a. There is an apparent decrease in the 
tip-sample bias of the (dI/dV) minimum approaching the GB. The red curve is a Gaussian fit 
of the data, which gives an extracted shift of ~−0.060 V and a bulk value of +0.024 V. Since 
there are no secondary minima in the (dI/dV) and the doping of graphene on water on mica is 
known to be very low [39, 40], the minimum of the (dI/dV) should correspond to the Dirac 
point [34]. This leads to a p-type doping in the bulk of ~4.2×10
10
 cm
-2
. The presence of the 
~60 mV barrier at the GB inverts the carrier concentration to n-type doping of ~ 9.5×10
10
  
cm
-2
.  
 Figure 2.10 shows STS data collected for a small angle GB in a region of monolayer 
CVD graphene on mica also with water trapped between the graphene and the mica. The 
misorientation angle between the two graphene grains shown in the STM topograph in Figure 
2.10a is ~6°. The scale bar is 2 nm, and the red, horizontal line indicates the location of a line 
of STS points across the GB. We used standard lock-in techniques to acquire the (dI/dV) 
spectra for this GB. As with the prior figure, Figure 2.10b shows a spectra of the (dI/dV) 
versus tip-sample bias and position along the line indicated in Figure 2.10a. The spectra map 
shows definite local enhancement of empty states (dI/dV) and very slight enhancement of 
filled states (dI/dV) at the GB. The plot above the spectra map shows a constant tip-sample 
bias cut of the spectra map at +0.35 V, as indicated by the horizontal, blue line on the spectra 
map. This illustrates the locally enhanced empty states (dI/dV) at the GB (near position ~11 
nm). The plot to the right of the spectra map shows vertical cuts of the spectra map at the 
positions indicated to the “Left of GB” and “On GB.” These (dI/dV) spectra further illustrate 
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the locally enhanced (dI/dV) at the GB and show a small shift in the minimum of the (dI/dV) 
on the GB compared to the left of the GB. 
 Figure 2.10c shows a plot of the minimum of the (dI/dV) spectra versus position 
along the line from Figure 2.10a. Unlike the large angle GB from Figure 2.9, the apparent 
shift in the minimum of the (dI/dV) due to this small angle GB is small. The attempted 
Gaussian fit shown in the red line suggests a shift in the position of only –0.026V. This shift 
is the room-temperature thermal voltage. Since this fit is obviously very poor, it is on the 
figure merely to serve as a guide to the eye. This GB has slightly higher (dI/dV) on the GB 
for both filled and empty states than the surrounding graphene grains. Since there is only a 
thermally-negligible doping shift at the GB, local states at the GB must lead to the observed 
symmetric, locally enhanced (dI/dV) for this GB. This suggests that local states may also play 
a role in the enhanced empty states (dI/dV) at GBs in general. 
Figure 2.11 shows a comparison of the average (dI/dV) of 13 spectra points each to 
the left and the right of the GB and 11 spectra points on the GB, equivalent to averaging over 
1.2 nm and 1 nm, respectively. The full comparison of the three averages shown in Figure 
2.11a illustrates the enhanced empty states (dI/dV) on the GB compared to the surrounding 
graphene, just as observed for CVD graphene GBs on SiO2/Si described in the main 
manuscript. Figure 2.11b shows a magnified section of plot for small tip-sample biases with 
the bias value of the (dI/dV) minimum for each average. While the tip-sample bias of the 
(dI/dV) minimum decreases by ~0.020 V on the GB from the region to the left of the GB, it 
also decreases by ~0.020 V to the right of the GB. Hence whatever potential barrier this GB 
induces, it is insignificant compared to the local doping fluctuations and the thermal energy. 
The difference in background doping fluctuations between Figure 2.9c and Figure 2.10c 
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suggests that there is more local doping fluctuation for the graphene directly in contact with 
the water on mica than for graphene sitting on another graphene layer in contact with the 
water on mica, which would further screen the effect of the mica surface. 
 Comparing the results of Figures 2.9, 2.10, and 2.11 suggests that the height of the 
potential barrier that the GB induces depends on the particular GB in question (i.e., the 
misorientation angle of the two graphene grains and the nature of the defects comprising the 
GB). This would seem to corroborate the theoretical predictions of different transport barriers 
for different graphene GB types [14]. Furthermore, the difference in background doping 
fluctuation between the bilayer graphene region from Figure 2.9 and the monolayer region 
from Figure 2.10 shows that the background doping fluctuations may swamp the effect of 
GBs with small potential barriers.  
2.7 Scanning Tunneling Spectroscopy of Back-Gated Graphene Grain Boundaries 
on SiO2/Si 
In order to study the effect of a back-gate on the doping shift due to the GBs, we 
transfer CVD graphene to 300 nm SiO2/n
+
 Si in the manner described in Section 2.10.2, page 
44 and mount the sample to isolate the graphene from the n
+
 Si, which we use to back-gate 
the graphene. However, due to our sample mounting arrangement, we could not degas the 
sample in the same way as described in Section 2.10.1, page 44. While the degas time was 
still greater than 24 hours, we were only able to heat the sample to ~130 °C in the UHV 
system. Prior to sample mounting and loading into the UHV system, we annealed the sample 
under turbo vacuum (~10
-5
 Torr) at 600 K for ~12 hours to help remove PMMA residues 
from the transfer process. Such vacuum annealing followed by exposure to ambient air (as in 
this case) strongly p-dopes the graphene due to adsorption of H2O and O2 molecules [41]. So 
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unlike the non-back-gated CVD graphene on SiO2/Si samples described in Section 2.5, page 
28, we expect this sample to be heavily p-doped [42]. We employ standard lock-in 
techniques to acquire the (dI/dV) spectra for the back-gated graphene GBs. 
 Figure 2.12a shows an STM image of a CVD graphene GB with a grain 
misorientation angle of ~12°. Despite the imperfect resolution, there is evidence of 
superstructures immediately adjacent to the GB, indicating scattering. The back-gate bias 
(VBG) for the spectra in this figure is −10 V. Figure 2.12b shows a (dI/dV) spectra map as a 
function of tip-sample bias and position along the green line in Figure 2.12a. There is an 
apparent state near the 5 nm position corresponding to the location of the GB. The spectra 
map shows minima near 0 V and also apparent secondary minima at positive tip-sample bias. 
These are not present in the STS data for the graphene sample in the main manuscript, which 
was degassed at high temperatures in UHV. The plot above the spectra map shows a constant 
tip-sample bias cut of the spectra map at +0.51 V, as indicated by the horizontal, gray line on 
the spectra map. This cut shows locally higher (dI/dV) at the GB than in the surrounding 
graphene. The plot to the right of the spectra map shows a comparison of (dI/dV) spectra 
from the left of the GB, right of the GB, and on the GB as indicated by the vertical lines on 
the spectra map. These (dI/dV) spectra show secondary minima near +0.5 V to the left and 
right of the GB and a secondary minimum near +0.7 V on the GB. 
 Figure 2.12c shows a plot of the secondary (not near zero) minimum of the (dI/dV) 
spectra versus position along the line from Figure 2.12a. In contrast to the data in Figure 2.7 
(high-temperature degassed CVD graphene on SiO2/Si) and Figures 2.9 and 2.10 (high-
temperature degassed CVD graphene on mica), the shift in the tip-sample bias of the 
secondary minimum at the GB for the back-gated sample is to larger, positive tip-sample 
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bias. The red curve indicates a Gaussian fit for the data. The fit gives a background value of 
the tip-sample bias of the secondary (dI/dV) minimum of ~+0.487 V and a shift of +0.239 V 
at the GB. These values correspond to 1.7×10
13
 cm
-2
 p-type doping away from the GB and 
3.9×10
13
 cm
-2
 p-type doping at the GB. The value of 1.7×10
13
 cm
-2
 p-type doping away from 
the GB matches well with the value found by Raman spectroscopy for vacuum annealed 
graphene on SiO2/Si subsequently exposed to air [41]. 
 This shift toward higher p-type carrier concentration at the GB conflicts with the 
observed shift toward lower p-type carrier concentration or to n-type carrier concentration at 
the GB for CVD graphene on SiO2/Si degassed at higher temperatures in UHV (600-700 °C) 
described in Section 2.5, page 28. It also conflicts with the observations for CVD graphene 
on mica which has water trapped between the graphene and mica (degassed 650-700 °C in 
UHV). For those systems (Figures 2.3, 2.6, 2.7, 2.9, and 2.10), the presence of the GB 
decreases the local work function (or shifts the doping more toward n-type). After the 
vacuum anneal and subsequent ambient air exposure of the back-gated sample, we expect 
heavy p-type doping from adsorption of H2O and O2 molecules [41]. Density-functional 
tight-binding simulations of GBs predict that they are more chemically reactive than pristine 
graphene [43], and recent sensor experiments with CVD graphene ribbons also suggest that 
the GBs are more reactive [44]. Thus, the heavier p-type doping of the GBs likely arises from 
higher adsorption of H2O and O2 molecules at the GBs due to their increased reactivity. 
Based upon the ability to recover the low-doped state with proper heating of the sample in 
vacuum after ambient exposure [41], we expect that the GBs for back-gated samples would 
also follow the trend in decreased work function compared to the bulk graphene grains.  
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 We perform the same spectral analysis on the same GB in Figure 2.12 for VBG = −15 
V in Figure 2.13. Figure 2.13a shows the same GB as Figure 2.12a with a 12° misorientation 
angle between the two graphene grains. The green line indicates the location of the spectra 
points recorded with VBG = −15 V. Figure 2.13b shows a map of the (dI/dV) spectra versus 
tip-sample bias and position along the line. Again, there are apparent minima near 0 V and 
secondary minima in empty states. The plot above the spectra map, again, shows a constant 
tip-sample bias cut (at +0.51 V) of the spectra map. The local enhancement of the empty 
states (dI/dV) at the GB is less pronounced than in Figure 2.12b. The plot to the right of the 
spectra map shows a comparison of (dI/dV) spectra to the left of the GB, to the right of the 
GB, and on the GB, as indicated by the vertical lines on the spectra map. Again, the shift to 
larger tip-sample bias of the secondary minimum on the GB than to the left or the right of the 
GB is apparent.  
 Figure 2.13c similarly shows a plot of the secondary (not near zero) minimum of the 
(dI/dV) spectra versus position along the line from Figure 2.13a. As with the data in Figure 
2.12, the shift in the tip-sample bias of the secondary minimum of the (dI/dV) at the GB is 
toward larger tip-sample biases. However, the value of the shift is smaller than for the VBG = 
−10 V case in Figure 2.12. From the Gaussian fit shown by the red curve, the bulk value of 
the tip-sample bias of the secondary (dI/dV) minimum is +0.507 V; the barrier at the GB is 
+0.155 V. These values correspond to p-type doping of 1.9×10
13
 cm
-2
 in the bulk and 
3.2×10
13
 cm
-2
 at the GB. While the increase in the bulk value for the larger, VBG = −15 V, 
back-gate bias is expected, the decrease in the apparent barrier at the GB and decrease in 
doping level are not. We are not certain of the origin of this phenomenon, but further 
exploration of the effect of the back-gate on the doping of the GBs relative to that of the bulk 
 37 
 
graphene is in progress. Determining whether the GB doping level scales in the same way as 
bulk graphene, with the square root of the back-gate bias [45], or in a different fashion will 
be important for understanding transport through graphene GBs.  
2.8 Scattering from Graphene Grain Boundaries 
In addition to topographic and spectroscopic information, the STM can also study 
carrier scattering in graphene [46, 47] by observing electronic superstructures induced by 
defects, adsorbates, or edges. We achieve this by means of fast Fourier transforms (FFTs) 
and FFT filtering, which elucidate carrier scattering from the graphene GBs [46, 47]. Figure 
2.14a shows a topographic STM image of a GB between two graphene grains misoriented by 
~29°, with the grain to the left of the GB labeled “L” and the grain to the right of the GB 
labeled “R.” The false-colored STM topographic derivative given in Figure 2.14b provides 
better contrast of the graphene lattice. From this, a linear superstructure is apparent on both 
the left and right sides of the GB, and these superstructures propagate in different directions 
on each side of the GB. The top panel of Figure 6c shows a small section (dashed, cyan box) 
of the image shown in Figure 2.14b, taken to the left of the GB, and its resulting 2D FFT, 
showing the six bright outer points characteristic of the graphene reciprocal lattice. Similarly, 
the bottom panel of Figure 2.14c shows a small section to the right of the GB from Figure 
2.14b and the resulting 2D FFT. These two FFTs also have a pair of inner points that 
correspond to K and K’ points of the graphene Brillouin zone (BZ) on their respective GB 
sides [46].  
By following the 2D FFT filtering procedure in Section 2.10.3, page 45 and in Yang 
et al. [47], we filtered everything but the linear superstructure patterns on the left and right 
sides of the GB, leaving only the linear superstructures. Figures 2.14d and 2.14e show the 
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filtering results for the linear superstructure in the left and right graphene grains, 
respectively, with the FFT masks that we use shown in the inset. While the propagation 
direction of the linear superstructure to the left of the GB in Figure 2.14b is close to 
perpendicular to the GB (~83°), the angle between the propagation direction of the linear 
superstructure to the right of the GB in Figure 2.14c and the GB is ~54°. The superstructure 
propagation direction in each grain is along one of the zigzag directions in that graphene 
grain. From the image in Figure 2.14b and the FFTs and filtered images in Figures 2.14c–d, 
we find that period of this linear superstructure is ~3.7 Å. This is approximately the Fermi 
wavelength, λF = 3a/2 = 3.69 Å, where a = 2.46 Å is the lattice constant of graphene. Such a 
value was reported for linear superstructures observed adjacent to irregular armchair 
graphene edges on SiC [47].  
The observation of λF rather than λF/2 indicates that the interference of the scattered 
carriers is localized along the C–C bonds, where there are available DOS [47]. In contrast, 
the recent work of Tian et al. [48] observed a linear superstructure with period λF/2 adjacent 
to an armchair graphene edge on Cu, suggesting that the substrate electronic structure allows 
the interference of the scattered carriers to localize in positions off the graphene C–C bonds. 
The schematic shown in Figure 2.14f illustrates the localization of carrier interference on one 
side of a type II GB [14] for a GB where the two grains are misoriented by ~32°. Since the 
graphene grains are rotationally misoriented, the direction of the localization would be 
different on the other side of the GB, matching our observation for the GB in Figure 2.14a. 
The observation of a linear superstructure adjacent to the GB shown in Figure 2.14a 
additionally suggests that each of the graphene grains has an irregular armchair edge at the 
point where the defects forming the GB start [47]. Furthermore, the pair of interior points in 
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the FFT taken on either side of the GB indicates that the primary scattering mode for such 
GBs is backscattering [46]. Figure 2.14g shows line cuts taken on the left and right sides of 
the GB for the filtered images shown in Figures 2.14d-e and the topographic derivative 
shown in Figure 2.14b. Fitting the peaks of the interference patterns for the line cuts from the 
filtered images in Figures 2.14d-e (the red and blue curves) to a decaying exponential 
function gives decay lengths of ~1.02 ± 0.10 nm on the left side of the GB and ~0.49 ± 0.29 
nm on the right side of the GB. These decay lengths are on the order of 1 nm and match the 
order of the average decay lengths of the enhanced empty states tunneling conductance 
shown in Figure 2.5 for the GB from Figure 2.3d-f. They are also on the same order of 
magnitude as the doping shifts observed at the GBs. This suggests that these decay lengths 
depend on the electronic structure of the GBs rather than solely thermal effects or energy 
spread [47, 49]. 
Other GBs predominantly exhibit a (√3×√3)R30° superstructure on either side of the 
GB, as illustrated in Figures 2.2d–e and Figure 2.15 (though the pattern is more dominant 
along one of the zigzag directions than the other two in Figure 2.2d and Figure 2.15). In these 
cases, the FFTs of the STM images show a set of points corresponding to all six K and K’ 
points of the graphene BZ. The presence of all six points of the graphene BZ indicates that 
intervalley scattering is allowed between all K and K’ points [46]. Figure 2.15a shows an 
STM image of the same GB shown in Figure 2.2d, which has two graphene grains 
misoriented by ~27°, with a 2 nm scale bar. There is a clear (√3×√3)R30° structure present 
on the left side of the GB. The inset image is the 2D-FFT of the STM image. The FFT shows 
the expected two sets of six outer points corresponding to the graphene reciprocal lattices on 
the left and right sides of the GB. There is also a set of six interior points forming a hexagon 
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that correspond to the six K and K’ points of the BZ for the graphene grain to the left of the 
GB, arising from the (√3×√3)R30° superstructure resolved to the left of the GB. The 
superstructure from the right side of the GB is faint in the FFT, since there is only a small 
section of the right side of the GB present in the STM image compared to the left side of the 
GB.  
The STM image shown in Figure 2.15b is a smaller section of the STM image shown 
in Figure 2.15a taken from the left side of the GB with the same scale. The scale bar is 2 nm. 
The inset 2D-FFT shows the outer set of six points for the left grain graphene reciprocal 
lattice and all six points corresponding to the BZ. Similarly, Figure 2.15c shows a smaller 
section of the STM image from Figure 2.15a taken on the right side of the GB with the same 
scale and its corresponding 2D-FFT. The scale bar for this image is 1 nm. The FFT of the 
graphene to the right of the GB in Figure 2.15c also shows a set of six out points 
corresponding to the reciprocal lattice of the right grain and all six interior points 
corresponding to the BZ. Since the FFTs on both sides of the GB show all six points of their 
respective BZs, this GB causes intervalley carrier scattering [46, 47]. The results shown in 
Figure 2.14 and Figure 2.15 indicate that the local structure of the GBs affect the particular 
nature of the carrier scattering from the GBs. 
Recent work studying mesoscopic GB transport inferred intervalley carrier scattering 
at the GBs from a highly localized D peak in Raman spectroscopy at the GB and from the 
observed inter-grain weak localization [10, 21]. Two recent STM studies of CVD graphene 
while still on the Cu growth surface [23, 24] also found the (√3×√3)R30° superstructures 
adjacent to GBs that indicate intervalley scattering from the GBs. A further STM study of 
graphene islands grown on Cu foil showed prominent linear superstructure from abrupt step 
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edges (graphene – Cu) with a smaller period (λF/2 rather than λF) [48]. Thus transferring the 
graphene to an insulating substrate is important, since the conducting Cu substrate can alter 
the allowed carrier interference localization. This could obscure the scattering mechanisms in 
a technologically-relevant graphene device with GBs. Our observation of intervalley 
scattering of carriers from the GBs is consistent with these prior studies. However depending 
on the GB structure, we also find carrier backscattering from the GBs. These results indicate 
that the local GB topography (e.g. heptagons, pentagons, and strained hexagons or any 
possible chemisorbed species) and grain misorientation dictate the predominant carrier 
scattering modes from that GB.  
While our GBs showed evidence of intervalley scattering and backscattering, as seen 
in Figure 2.14 and Figure 2.15, we note that most of these observed GBs occurred on 
turbostratic bilayer graphene (see Section 2.10.3, page 45). Figures 2.16 and 2.17 show 
Moiré patterns observed in the graphene grains, highlighting the turbostratic stacking. From 
the extracted Moiré patterns’ periods, we find that the rotational misorientation of the top and 
bottom layers is ~8.5–9.5°. Theoretical and experimental studies of turbostratic graphene 
[50] and graphene grown on the carbon-face of SiC [51, 52] show that multilayer graphene 
behaves like stacked monolayer graphene when the layers are misoriented by more than 5°. 
Indeed, a study of turbostratically-stacked few-layer graphene grown by CVD on 
polycrystalline Ni also showed that for layers misoriented by greater than ~3° carriers still 
exhibited Landau level spectra indicative of massless Dirac fermions [53]. Furthermore, the 
plot of the LDOS at the Dirac point from our tight-binding simulation of a type II GB in 
monolayer graphene shown in Figure 2.15d shows a (√3×√3)R30° superstructure (see 
Section 2.10.5, page 48). This confirms our observation of (√3×√3)R30° superstructures 
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adjacent to most of the graphene GBs. Thus, the observed backscattering and intervalley 
scattering arise from the sharp lattice defects forming the GBs and not from any turbostratic 
interlayer interaction. 
 Although we do not know the exact topological structure of the GBs in Figures 2.14 
and 2.15, we can make some comparative observations about the two in an attempt to 
determine how the local structure affects the nature of the carrier scattering. Both GBs are 
formed by the merging of two graphene grains with a large misorientation angle (~29° for 
Figure 2.14 and ~27° for Figure 2.15). The electronic superstructures adjacent to each of the 
GBs extend approximately the same distance on either side of each GB and have 
approximately the same intensity. However the scattering for the GB in Figure 2.14 is 
dominated by back-scattering, and that for the GB in Figure 2.15 is intervalley scattering. 
The GB in Figure 2.14 seems to be a continuous line of defects, while the GB in Figure 2.15 
has more of a semi-periodic structure with flat regions between regions that protrude more 
from the surface.  
The small-angle GB (~6°) in CVD graphene on mica with water trapped between the 
graphene and the mica [39] shown in Figure 2.10 is more periodic than the GBs shown in 
Figures 2.14 and 2.15. The electronic superstructures adjacent to the GB in Figure 2.10 are 
also much fainter. This matches with the lack of a substantial potential barrier at this GB 
(Figure 2.10c). Of the GBs shown in Figures 2.9, 2.10, 2.14, and 2.15 the GB from Figure 
2.14 had the largest potential barrier of ~0.1 V. The GB in Figure 2.10 had the smallest 
potential barrier of ~0.02 V. This data suggests that the GBs which are more periodic and 
well-ordered like that in Figure 2.10 will have reduced carrier scattering from the GB 
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compared to the aperiodic GBs composed of a continuous line of defects (such as that in 
Figure 2.14).  
2.9 Conclusions 
In summary, we have studied GBs at the atomic scale using UHV-STM and STS for 
graphene grown by CVD on polycrystalline Cu foil and transferred to SiO2. We have found 
that no preferred misorientation angle occurs between the as-grown graphene grains. The 
GBs are aperiodic, in agreement with recent TEM studies of Cu-grown graphene GBs [17-
19], and have varying heights, with an average value of 1.9 Å. As expected, the GBs strongly 
perturb the electronic structure of the graphene, and the GBs show an asymmetric, enhanced 
empty states tunneling conductance with a decay length of ~1 nm on either side of the GB. 
Graphene GBs decrease the local work function, leading to p-n-p and p-p’-p (p’<p) potential 
barriers that act as scatterers. Fourier analysis indicates that the GB potential barriers give 
both backscattering and intervalley carrier scattering, deleterious for applications involving 
carrier transport through polycrystalline graphene films. Combining the spectroscopic and 
scattering results suggest that GBs that are more periodic and well-ordered lead to reduced 
scattering from the GBs. Recent reported work [44] suggests that GBs may actually improve 
the performance of polycrystalline graphene chemical sensors. This suggests GB-selective 
chemistry to preferentially adsorb molecules at the GBs and mitigate the potential barrier 
from the GBs. Alternatively, GBs could engineer doping on the nm scale, enabling further 
studies of novel physics such as Klein tunneling [54-56] and novel devices such as a 
Veselago lens [57].  
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2.10 Materials and Methods 
2.10.1 STM Measurements 
A summary of our experimental methods were published in a recent report [58]. In 
brief, our experiments used a homebuilt, room-temperature ultrahigh vacuum scanning 
tunneling microscope (UHV-STM) with a base pressure of 3×10
-11
 Torr [59] and 
electrochemically etched tungsten tips. Using direct-current heating through the n
+
 Si 
substrate, we degassed the sample in the UHV-STM system at a temperature of 600–700 °C 
for 24 hours. In our system, the tip is grounded and the bias is applied to the sample. The 
current setpoints for the constant current topographs range from 0.1–1 nA with tip-sample 
biases between ±0.2 V and ±1 V. We probed the local density of states (LDOS) of the sample 
using constant-spacing scanning tunneling spectroscopy (STS) in which the tip feedback is 
turned off at predetermined locations and the tip-sample bias swept through a specified range 
while recording the tunneling current. We measured the graphene grain misorientation angles 
from the rotation of the 2D FFT patterns of each graphene grain and from fitting lines to the 
zigzag directions of each graphene grain using the derivative of the STM topographs.  
2.10.2 Graphene Growth and Characterization 
We grew the graphene on 1.4 mil copper foil purchased from Basic Copper in an 
Atomate CVD system. The foils were annealed at 1000 °C under Ar/H2 flow for 45 min, and 
graphene subsequently grown under a 17:1:3 ratio of CH4/H2/Ar flow for 30 minutes at an 
operating pressure of 2 Torr. The resulting substrates were cooled to room temperature at 
~20 °C/min under the same gas flow. After growth the graphene was transferred onto a 90 
nm SiO2/n
+
 Si substrate by first coating the graphene with a bilayer of 495K A2 and 950 K 
A4 PMMA (MicroChem). Each PMMA layer is applied at 3000 RPM for 30 seconds 
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followed by a 2 minute bake at 200 °C. An O2 RIE plasma removed the uncoated graphene 
on the backside of the Cu foil, before etching the Cu foil in 1 M FeCl3 overnight. The 
remaining graphene film was rinsed in deionized (DI) water to remove residual etchant 
before transferring to the SiO2/Si substrate [44]. A single gold contact was shadow 
evaporated onto the sample to allow the STM electrical access to the graphene. After STM 
data was collected, we used Raman spectroscopy and atomic force microscopy (AFM) to 
characterize the graphene topography and quality. Raman spectroscopy was performed at 633 
nm laser excitation using a Renishaw inVia Raman microscope. AFM data was collected 
using a Digital Instruments Veeco AFM with a Dimension IV controller. 
2.10.3 Turbostratic Graphene 
The parameters used during the graphene growth process differed from those reported 
in the original paper describing CVD of graphene on Cu foil [6]. The methane flux was 
higher in our growth process. The contrast differences in the optical microscopy as shown in 
Figure 2.1a suggest that this growth process created regions of monolayer graphene and 
regions of bilayer graphene, as confirmed through Raman spectroscopy measurements of the 
G’/G (2D/G) peak intensity ratio, commonly used to characterize mechanically exfoliated 
graphene as monolayer or multiple layers [27]. However, we note that a better Raman metric 
for determining whether the graphene is monolayer or bilayer is to use the shear mode 
recently reported by Tan et al. [60]. The values of G’/G (2D/G) peak intensity ratios for this 
sample suggest that at least some of the regions are bilayer graphene.  
 Scanning tunneling microscopy (STM) scans of the sample confirmed that the growth 
process yielded regions of bilayer graphene. Figure 2.16a shows the derivative of a 71.5 nm 
 76.5 nm STM topographic image of a GB between two graphene grains misoriented by 
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~29°. There are definite Moiré patterns on each side of the GB. The presence of the Moiré 
patterns indicates that two layers of turbostratically stacked graphene [61] are present on 
either side of the GB. The periodicity of the pattern suggests that the two layers to the right 
of the GB are rotated by ~13°. The two-dimensional fast Fourier transforms (2D-FFTs) of the 
lower-left and upper-right regions from Figure 2.16a, shown in Figures 2.16b and 2.16c, 
respectively, indicate that two different Moiré patterns are present on either side of the GB, 
rotated with respect to one another by ~29°. The scale bars are 1 nm
-1
 for both Figures 2.16b 
and 2.16c. The FFT of the region on the right side of the GB (Figure 2.16b) indicates that the 
Moiré pattern on the right side of the GB has a larger period than that indicated by the FFT of 
the region on the left side of the GB (Figure 2.16c). The expression for the periodicity, D, of 
the Moiré pattern formed by two graphene lattices, with lattice constant d = 0.246 nm, rotated 
with respect to one another by an angle  is D = d [2sin(θ 2⁄ )]⁄  [62]. Using this equation, we 
extract the layer misorientation of each side of the grain boundary. The misorientation of two 
layers of graphene on the left side of the GB is ~27°; while the misorientation of the two 
layers of graphene on the right side of the GB is ~13°. 
 Figure 2.17 illustrates the extraction of the Moiré period from the STM image. The 
GB on the left side of Figure 2.17a circled in green is the same one depicted in Figure 2.2a 
and Figure 2.14 from the main manuscript. The derivative of this STM topograph shown in 
Figure 2.17b offers better contrast and exhibits a clearly visible Moiré pattern to the right of 
the GB. Figure 2.17c, taken from the small section from within the red box in Figure 2.17b, 
shows this pattern more clearly. The 2D-FFT of this small section displayed in Figure 2.17d 
shows sets of points corresponding to the Moiré pattern. The spots are relatively weak due to 
the small sample size (128 × 128 pixels) and the faintness of the Moiré pattern in the image. 
 47 
 
Figure 2.17e shows the filter mask applied to the image from Figure 2.17c. The resulting 
filtered version of the image from Figure 2.17c shown in Figure 2.17f gives a period of ~1.5–
1.65 nm. Using the above equation for the periodicity of the Moiré pattern, this implies that 
the top graphene layer and the bottom graphene layer are misoriented by ~8.5–9.5°. 
2.10.4 Ripped Graphene Section 
Prior studies of graphite using atmospheric-pressure STM have demonstrated the 
ability to pattern the top layer of graphite using an STM tip in air [63] or in a controlled 
environment with oxygen or oxygen-containing molecules [64]. A recent paper [28] suggests 
that rips induced by an AFM cantilever originate at GBs. We were able to rip out a section of 
graphene using the STM tip under UHV conditions. Figure 2.18a shows an STM topograph 
of an area with two GBs forming a right angle. Figure 2.18b shows the derivative of the 
topograph from Figure 2.18a for additional contrast. The image shows a Moiré pattern in the 
lower-left corner of the scan. After a strong STM tip-surface interaction, we observed a rip in 
the top layer of graphene, as shown in the STM topograph in Figure 2.18c and the derivative 
of the topograph shown in Figure 2.18d. The termination of the left end of the rip at the grain 
boundary suggests that the rip may have nucleated at the GB. That the tip can image in the 
ripped region also indicates (in addition to the Moiré pattern) that this was a region of bilayer 
graphene. Figure 2.18e shows a subsequent STM topograph of the area with the ripped 
section. The derivative of the topograph from Figure 2.18e shown in Figure 2.18f indicates 
the misorientation of the left grain of the top layer with the right grain of the top layer and the 
bottom layer of graphene. The red, green, and blue lines indicate one of the zigzag directions 
in the left grain of the top graphene layer, the bottom graphene layer, and the right grain of 
the top layer, respectively. From the resolution of Figure 2.18f, we can identify the 
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misorientation between the left grain and the right grain of the top layer as ~27°. The right 
grain of the top graphene layer and the bottom graphene layer are rotationally misoriented by 
~19°; and the left grain of the top graphene layer and the bottom graphene layer are 
rotationally misoriented by ~8–8.5°. The corresponding Moiré period is ~1.66 nm, which 
matches the spacing of the observed Moiré pattern to the left of the GB. Thus, the GB is only 
in the top layer of the graphene. 
2.10.5 Tight-Binding Grain Boundary Simulation 
  To generate the lattice structure with the GB in Figures 2.19a and 2.19b, we follow 
the prescription given by Yazyev and Louie [15]. Each GB consists of a one-dimensional 
chain of closely packed (1,0) dislocations parallel to the y-axis. The boundaries are spaced 
~9.6 nm apart in the x-direction. Periodic boundary conditions are imposed in the x- and y-
directions to avoid any spurious edge effects. The GBs partition the 3808-atom lattice into 
two subdomains with a misorientation angle of 21.8° between the subdomains. 
 To simulate the local density of state (LDOS), we use a simple nearest-neighbor tight-
binding model for the π electron network. The tight-binding model Hamiltonian is  
  †
,
. .i j
i j
H t ha ca    (2.1) 
where t (=3.0 eV) is the transfer integral between nearest-neighbor sites; 
†
ia ( ia ) is the 
creation (annihilation) operator; i is the index of the i-th lattice site; and h.c. is the Hermitian 
conjugate. As there are 3808 sites in the lattice, the Hamiltonian can be represented with [H], 
a 3808 by 3808 matrix, with the non-zero matrix elements equal to the transfer integral. By 
diagonalizing [H], we are able to obtain the eigenenergies εn and their corresponding 
eigenfunctions ψn in the form of a 3808-element vector. Each component of the eigenvector 
represents the overlap between the eigenfunction and the lattice site. Therefore, the squared 
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local amplitude of the eigenfunction corresponds to the LDOS at that site. 
Assuming that the system is charge neutral, the LDOS is determined by the local 
squared amplitude of the eigenstates around εn = 0 in excess of the background squared 
amplitude, because the states with εn < 0 are filled and the electron can only tunnel to the 
empty states. Therefore, to plot the LDOS on site i, we compute the excess local squared 
amplitude of the εn = 0 eigenstates 
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i
i
i
  

 (2.2) 
where the sum is over 4 eigenstates around εn = 0. The first term on the right-hand side 
represents the empty LDOS and the second term the filled background LDOS. For ease of 
visualization, we set the size of the (red) circles to be proportional to ρi in Figure 2.19a. 
 The plot in Figure 2.19a clearly shows a (√3×√3)R30° superstructure adjacent to the 
GB. This superstructure is the same as that observed adjacent to the GBs in the STM images, 
depending on the tip resolution and the tunneling conditions. It also displays the localized 
states at the boundary. The plot in Figure 2.19a is also shown in Figure 2.15d in the main 
text. Figure 2.19b shows the physical lattice structure used in the tight-binding calculation.   
 50 
 
2.11 Figures 
 
 
 
Figure 2.1. Graphene characterization after growth and transfer to SiO2/Si. (a) Optical image, with 
location of Raman spectra indicated and a 5 µm scale bar. Contrast differences indicate regions of 
monolayer and bilayer graphene. (b) Raman spectra taken at the locations marked in (a) with 
I(G’)/I(G) ratios of 1.05, 1.08, and 1.88 for curves (1), (2), and (3), respectively. The curves are offset 
for clarity. (c) A 10 µm × 10 µm tapping mode AFM scan of the graphene sample after cleaning and 
scanning with the STM, showing some tears in the film and some debris. The scale bar is 2 µm. (d) 
Small STM scan of the graphene clearly showing the graphene honeycomb lattice. The scale bar is 1 
nm. 
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Figure 2.2. STM images of graphene grain boundaries (GBs). The scale bars are 2 nm. (a) STM 
image of a GB between two grains misoriented by ~29°. The debris within the scan center is likely 
remnant PMMA contamination from the graphene transfer. (b) Smaller STM scan of the GBs formed 
at the meeting point between three different graphene grains misoriented by ~9° (lower-left and top), 
22° (top and lower-right), and 29° (lower-left and lower-right), respectively. (c) Larger STM scan of a 
different set of GBs formed at the meeting point between three different graphene grains. The 
misorientation angles between the grains are ~6° (right and lower-left), 20° (lower-left and upper-
left), and 26° (upper-left and right), respectively. (d) Smaller STM scan of a GB formed between two 
grains misoriented by ~27°. Note the very clear (√3×√3)R30° superstructure to the left of the GB. (e) 
Another GB between two graphene grains misoriented by ~10°. This scan also showed 
superstructures on both sides of the grain boundary. (f) Plot of average apparent GB height versus 
graphene grain misorientation angle. 
f
a −1.0 V, 0.1 nA
c −0.25 V, 1 nA d +0.5 V, 1 nA
e +0.5 V, 1 nA
b −1.0 V, 0.1 nA
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Figure 2.3. Scanning tunneling spectroscopy (STS) of graphene GBs. (a) STM image of the grain 
boundaries formed at the meeting point of three graphene grains. The yellow arrow indicates the 
locations of the spectra. (b) Map of tunneling conductance as a function of tip-sample bias and 
position from bottom to top of the arrow direction in (a). The vertical, dashed black line indicates the 
location of the GB. The spectra map shows a marked enhancement of the tunneling conductance in 
empty states at the GB. (c) Comparison of tunneling conductance for a point on the GB (solid, black 
line) and a point away from the GB (dashed, red line) to illustrate the enhanced empty states 
tunneling conductance at the GB. The solid, black and dashed, red arrows in (a) indicate the locations 
of the respective individual spectra shown in this plot. (d) Larger STM image of the same set of GBs 
as shown in (a), with the locations of the spectra across the lower GB indicated by a yellow arrow. (e) 
Map of tunneling conductance as a function of tip-sample bias and position from left to right along 
the red line shown in (d). The vertical, dashed black line in (e) also indicates the location of the GB. 
Again, there is a marked enhancement of the empty states tunneling conductance at the GB. (f) 
Comparison of tunneling conductance for a point on the GB (solid, black line) and a point away from 
the GB (dashed, red line) illustrating the enhancement seen in (e). The solid, black and dashed, red 
arrows in (d) indicate the locations of the respective individual spectra shown in this plot. The scale 
bars in (a) and (d) are 2 nm.  
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Figure 2.4. Voltage cuts of (dI/dV) spectra map. The three plots show cuts of the (dI/dV) spectra map 
from Figure 2.3e at three different tip-sample biases illustrating the enhanced tunneling conductance 
present at the GBs in empty states. The dashed, vertical green line in the plots indicates the lateral 
position of the GB. 
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Figure 2.5. Decay length of enhanced empty states tunneling conductance at a grain boundary (GB), 
extracted from the spectra map in Figure 2.3e as a function of the tip-sample bias. The blue circles 
indicate the decay lengths to the left of the GB, whereas the red ones indicate the decay lengths to the 
right of the GB. The average decay length on the left side of the GB (shown in Figure 2.3d) is 0.90 ± 
0.29 nm, and the average decay length on the right side of the GB is 1.18 ± 0.39 nm. These decay 
lengths suggest that the perturbation to the graphene from the GB decays on the order or 1 nm. The 
asymmetric decay length likely results from having different edge structure of the graphene lattice 
where the defects at the GB start. 
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Figure 2.6. Normalized tunneling conductance of grain boundaries (GBs). (a) Normalized tunneling 
conductance map for the same spectra as the (non-normalized) tunneling conductance map from 
Figure 2.3b. The vertical, dashed black line in (a) indicates the location of the GB. The enhancement 
seen in empty states for the tunneling conductance data is not present when the data is normalized to 
the tunneling current. (b) Comparison of the normalized tunneling conductance for a point on the GB 
(solid, black line) and a point away from the GB (dashed, red line) illustrating the lack of any overall 
empty states enhancement at the GB. There is a state in (b) at approximately +0.24 V on the GB that 
is not present away from the GB. (c) Normalized tunneling conductance map for the same data as the 
(non-normalized) tunneling conductance map from Figure 2.3e. Here the vertical, dashed black line 
also indicates the location of the GB. Again, the strong enhancement seen in empty states for the 
(non-normalized) tunneling conductance data from Figure 2.3e is not present when the data is 
normalized to the tunneling current. (d) Normalized tunneling conductance comparison for a point on 
the GB (solid, black line) and a point away from the GB (dashed, red line). There is no overall 
enhancement in empty states at the GB as there was for the non-normalized tunneling conductance. 
However, there is a state at approximately +0.15 V at the GB, which is not present away from it. 
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Figure 2.7. Voltage of (dI/dV) minimum versus position showing a barrier at the grain boundary. (a) 
Plot of tip-sample bias (V) of the (dI/dV) minimum at each point in the line of STS across the GB 
from Figure 2.3d. The shift of the minimum here indicates a transition from p-type doping in the bulk 
to n-type doping at the GB. (b) Plot of tip-sample bias (V) of the minimum of the (dI/dV) at each 
point in a line of STS across the GB from Figure 2.2d also showing a shift toward n-type doping. (c) 
Diagram illustrating the shift in doping caused by the presence of the GB. This one illustrates a p-n-p 
doping shift. 
 
 
 
Figure 2.8. Illustration of effect of graphene doping shift on tunneling conductance. The plot shows 
the ideal graphene DOS for p-type doping (solid, black curve) and for n-type doping (dashed, red 
curve). This plot illustrates that a region with n-type doping, or even lower concentration p-type 
doping than the bulk would have enhanced empty states tunneling conductance compared to the 
surrounding regions.  
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Figure 2.9. Large angle graphene grain boundary (GB) spectroscopy on mica. (a) An STM topograph 
of a large angle graphene GB on mica with a grain misorientation angle of ~29°. The scale bar is 2 
nm, and the red line indicates the location of a line of tunneling spectroscopy points. (b) Map of 
tunneling conductance as a function of tip-sample bias and position along line indicated in (a). The 
spectra map shows enhanced empty states (dI/dV) near the location of the GB. The blue, horizontal 
line indicates the location of a constant tip-sample bias cut displayed in plot above the spectra map, 
showing locally enhanced (dI/dV) at the GB. The pairs of vertical lines on the spectra map indicate 
the location of representative off and on GB (dI/dV) curves displayed in the plot to the right of the 
spectra map. (c) Plot of the tip-sample bias of the minimum value of each (dI/dV) spectra from the 
line indicated in (a) versus position, showing the shift of the tip-sample bias of the (dI/dV) minimum 
at the GB. This GB occurs in a region of bilayer graphene. 
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.  
 
Figure 2.10. Small angle graphene grain boundary (GB) spectroscopy on mica. (a) An STM 
topograph of a small angle graphene GB on mica with a grain misorientation angle of ~6°. The scale 
bar is 2 nm, and the red line indicates the location of a line of tunneling spectroscopy points. (b) Map 
of tunneling conductance as a function of tip-sample bias and position along line indicated in (a). This 
spectra map also shows enhanced empty states (dI/dV) near the location of the GB. The plot above the 
spectra map shows a constant tip-sample bias cut of the spectra map from the location of the 
horizontal, blue line and shows locally enhanced empty states (dI/dV) at the GB. The plot to the right 
of the spectra map shows a comparison of representative on and off GB (dI/dV) curves taken from the 
locations indicated by the vertical lines on the spectra map. (c) Plot of the tip-sample bias of the 
minimum value of each (dI/dV) spectra from the line indicated in (a) versus position. The red curve is 
an attempted Gaussian fit to part of the data. However, the shift due to the GB is smaller than the shift 
from the left graphene grain to the right graphene grain. 
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Figure 2.11. Small angle graphene grain boundary (GB) on and off GB tunneling conductance 
comparison. (a) Plot of the average tunneling conductance from left side, right side, and on the GB 
from Figure 2.10. (b) Magnified small tip-sample bias section of (a) showing tip-sample biases of the 
minima of the average (dI/dV) to the left, to the right, and on the GB. 
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Figure 2.12. Tunneling spectroscopy of back-gated CVD graphene grain boundary (GB): VBG = 
−10V. (a) STM image of a back-gated GB on SiO2/Si with a grain misorientation angle of ~12°. The 
scale bar is 2 nm, and the green line indicates the location of a line of tunneling spectra points. (b) 
Map of tunneling conductance as a function of tip-sample bias and position along line indicated in (a). 
This spectra map shows enhanced filled and empty states (dI/dV) near the location of the GB. The 
plot above the spectra map shows a constant tip-sample bias cut of the spectra map from the location 
of the horizontal, gray line and shows locally enhanced filled and empty states (dI/dV) at the GB. The 
plot to the right of the spectra map shows a comparison of representative on and off GB (dI/dV) 
curves taken from the locations indicated by the vertical lines on the spectra map. (c) Plot of the tip-
sample bias of the secondary minimum value of each (dI/dV) spectra from the line indicated in (a) 
versus position. The red curve is a Gaussian fit to part of the data, showing the shift in the tip-sample 
bias of the secondary (dI/dV) minima due to the GB. 
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Figure 2.13. Tunneling spectroscopy of back-gated CVD graphene grain boundary (GB): VBG = 
−15V. (a) STM image of the same back-gated GB from Figure 2.12 on SiO2/Si with a grain 
misorientation angle of ~12°. The scale bar is 2 nm, and the green line indicates the location of a line 
of tunneling spectra points. (b) Map of tunneling conductance as a function of tip-sample bias and 
position along line indicated in (a). This spectra map shows slightly enhanced empty states (dI/dV) 
near the location of the GB. The plot above the spectra map shows a constant tip-sample bias cut of 
the spectra map from the location of the horizontal, blue line and shows locally enhanced filled and 
empty states (dI/dV) at the GB. The plot to the right of the spectra map shows a comparison of 
representative on and off GB (dI/dV) curves taken from the locations indicated by the vertical lines on 
the spectra map. (c) Plot of the tip-sample bias of the secondary minimum value of each (dI/dV) 
spectra from the line indicated in (a) versus position. The red curve is a Gaussian fit to part of the 
data, showing the shift in the tip-sample bias of the secondary (dI/dV) minima due to the GB. 
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Figure 2.14. Linear superstructure analysis. (a) STM image of a GB between two graphene grains 
with a misorientation angle of ~29°, showing a linear superstructure observed on either side of the 
GB. (b) False-colored derivative of the STM topograph shown in (a) for better contrast. (c) Upper 
panel shows a section to the left (L) of the GB and the resulting 2D FFT. The six outer points forming 
a hexagon correspond to the reciprocal lattice of the graphene; the pair of inner points correspond to 
the linear superstructure observed immediately adjacent to left of the GB. Lower panel shows a 
section to the right (R) of the GB and the resulting 2D FFT, similar to the upper panel. (d) FFT 
filtered version of the L image from (b) using the inset FFT mask, which filters out everything but the 
linear superstructure. (e) FFT filtered version of the R image from (b) using the inset FFT mask, 
which corresponds to filtering out everything but the linear superstructure. (f) Schematic model of the 
left side of a pentagon-heptagon GB, similar to the one shown in (a,b), but with a different 
misorientation angle. The blue regions illustrate the interference localization along the C-C bonds, 
giving a superstructure wavelength λF (Fermi wavelength). (g) Superstructure spatial extent, with line 
cuts taken perpendicular to the wavefront and offset for clarity. The two curves labeled with left and 
right grain FFT were extracted along the lines shown in (d) and (e), respectively. The two curves 
labeled with STM were extracted along the lines shown in (b). The decay length of the linear 
superstructure is ~1.01 nm in the left grain and ~0.49 nm in the right grain. The scale bars are all 1 
nm. 
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Figure 2.15. Intervalley scattering from a grain boundary (GB). (a) STM image of a GB between two 
graphene grains with a misorientation angle of ~27°, showing a (√3×√3)R30° superstructure to the 
left of the GB. The scanning conditions for this image were +0.5 V tip-sample bias, and 1 nA 
tunneling current setpoint. The lower-left inset shows the FFT of the entire image. (b) Cropped lower-
left section of the STM scan (same scale) shown in (a) with just the graphene lattice and the 
superstructure. The inset FFT in the lower-left corner shows all six point of the Brillouin zone (BZ). 
(c) Cropped upper-right section of the STM scan from (a) shown at the same scale. The FFT of the 
image also shows all six points of the BZ. (d) Tight binding simulation of a GB with 21.8 degrees 
grain misorientation showing the local density of states at the Dirac point and exhibiting a 
(√3×√3)R30° superstructure pattern. The scale bars in (a) and (b) are 2 nm. The scale bar in (c) is 1 
nm. The FFT scales bar in (a), (b), and (c) are 4 nm
-1
. 
  
4 6 8 10 12 14 16
1
2
3
4 6 8 10 12 14 16
1
2
3
d
y
 (
n
m
)
x (nm)
Local Density of States at Dirac Point
a
+0.5 V, 1 nA
b
c
 64 
 
 
 
Figure 2.16. Moiré patterns. (a) This large 71.5 nm × 75.6 nm STM scan shows two different Moiré 
patterns on either side of a grain boundary (GB). The misorientation angle between the two graphene 
grains is ~29°. The scale bar is 10 nm. (b) FFT of the upper-right region of the scan shown in (a). The 
scale bar is 1 nm
-1
. (c) FFT of the lower-left region of the scan shown in (a) also with a 1 nm
-1
 scale 
bar. The FFTs show the presence of two different Moiré patterns on either side of the GB rotated with 
respect to one another by ~29°. The Moiré pattern in (c) is also stretched in one direction indicating 
some possible strain in the Moiré pattern. 
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Figure 2.17. Moiré pattern adjacent to grain boundary. (a) Larger 102.7 nm × 108.7 nm STM 
topograph of area adjacent to GB shown in Figure 2.14. The green ellipse highlights the GB from 
Figure 2.14. (b) Topographic derivative of illustrating Moiré pattern in lower-right section of the 
scan. (c) Smaller region of (b) as highlighted by the red box in (b) showing the Moiré pattern more 
clearly. (d) FFT of region shown in (c). (e) Filter mask from (d) used to extract the Moiré pattern. (f) 
Filtered version (c) created using the filter mask shown in (e). The period of the Moiré pattern is ~1.5 
– 1.65 nm. Thus the top layer and bottom layer of graphene in the region highlighted by the red box 
in (b) are misoriented by ~8.5 – 9.5°. 
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Figure 2.18. Ripped graphene section. The scale bars are 4 nm. (a) An STM topograph of a grain 
boundary (GB) making a right angle on the surface before a tip destabilization. (b) Derivative of the 
STM topograph from (a) for better contrast of the GB. (c) STM topograph of the same area as (a) and 
(b) after a strong tip-surface interaction ripped a section of graphene out of the top layer of the bilayer 
graphene starting at the GB. (d) Derivative of the STM topograph from (c) for better contrast. (e) 
Smaller STM topograph of approximately the area outlined by the red box in (d) after the rip. (f) 
Derivative of the STM topograph from (e) with colored lines indicating one of the local zigzag 
directions of the graphene lattice illustrating the relative rotational misorientation of the left and right 
graphene grains of the top layer with the bottom layer of graphene. 
  
a c e
b d f
 67 
 
 
 
Figure 2.19. Tight-binding simulation of a grain boundary (GB). (a) A plot of the local density of 
states at the Dirac point showing a predominantly (√3×√3)R30° superstructure caused by the 
presence of the GB. (b) Physical lattice structure of the graphene and the GB used in the tight-binding 
calculation to obtain (a).  
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CHAPTER 3. ELECTRONIC SEMI-TRANSPARENCY OF THE 
GRAPHENE/Si(111) – 7×7 INTERFACE 
 
3.1 Background and Motivation  
Graphene is a single atomic layer of carbon arranged in a honeycomb structure. This 
two-dimensional, zero-bandgap semimetal possesses a unique linear band structure [1] that 
gives it exceptionally high carrier mobilities [2, 3] and thermal conductivities [4]. 
Experimental studies have shown that the supporting substrate plays a critical role in 
perturbing and determining the electronic and topographic properties of graphene [2, 5-12]. 
The most commonly used SiO2/Si supporting substrates induce spatial doping fluctuations, or 
charge inhomogeneity, in the graphene independent of the topographic fluctuations [13]. 
While graphene can be grown epitaxially on SiC(0001), the surface steps lead to carrier 
scattering that depends on the height and type of step [14]. Recent work studying graphene 
on atomically flat substrates has shown that hexagonal boron nitride greatly improves carrier 
mobility and reduces charge inhomogeneity in the graphene [12].  
Understanding the electronic and topographic properties of graphene on the atomic 
scale is necessary to successful integration of graphene with conventional substrates. Due to 
its ubiquity in electronic devices, silicon is the primary substrate of technological interest.  
The removal of hydrogen from the interface of graphene and the Si(100) – 2×1:H surface 
(leaving clean Si(100) – 2×1) leads to bond formation between the graphene and the Si(100) 
– 2×1 surface. Motivated by the potential for novel interactions with a more reactive 
substrate, due to its high density of dangling bonds, we report a study of nanoscale graphene 
flakes deposited on the clean Si(111) – 7×7 surface, a well-known surface reconstruction [15-
17] of a commonly used Si facet. 
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While the most graphene studies use insulating supporting substrates, a recent study 
fabricated graphene field-effect transistors on Si(111) and demonstrated high carrier 
mobilities [18]. Simulations also suggest that particular orientations of graphene on Si(111) 
could improve photovoltaic devices [19]. Recent work has examined devices based on the 
Schottky barrier formed at the interface between graphene and hydrogen-passivated Si(111)  
[20-22]. The band alignment on which these devices are based is very sensitive to the local 
atomic structure of the Si(111). The graphene on Si(111) – 7×7 system has been studied over 
large areas by atomic force microscopy (AFM), ex-site Raman spectroscopy, and Kelvin 
probe measurements [9]. However, there are no studies of graphene on Si(111) with atomic 
scale resolution, and determination of the type of bonding formed at the interface between 
the graphene and the Si(111) are inconclusive [9].  
Motivated by the crucial importance of the graphene-substrate interactions and open 
questions about graphene on Si(111), studying the interface between graphene and Si(111) 
with atomic precision is necessary. We utilize ultrahigh vacuum scanning tunneling 
microscopy (UHV-STM), scanning tunneling spectroscopy (STS), and in situ graphene 
deposition to study the interactions between graphene and the Si(111) – 7×7 reconstructed 
surface [15-17, 23]. Due to the high density of dangling bonds of the Si(111) – 7×7 surface, 
19 per unit cell [15], we expect that it will be very reactive and a very perturbative substrate 
for graphene. Combining these experiments with density functional theory calculations 
(DFT) helps us determine the chemistry and mechanical stability of the interface. 
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3.2 Methods 
3.2.1 Scanning Tunneling Microscopy and Preparation of Si(111) – 7×7 Samples 
 These experiments were performed on a homebuilt UHV-STM with a base pressure 
of 2.5×10
-11
 Torr [24] operated at room temperature using electrochemically etched tungsten 
tips. We probed the local density of states (LDOS) of the sample using constant-spacing 
scanning tunneling spectroscopy (STS) in which the tip feedback is turned off at 
predetermined locations and the tip–sample bias swept through a specified range while 
recording the tunneling current. The tunneling conductance was calculated from the acquired 
(I – V) data. In our system, the tip is grounded through a current amplifier, and the bias is 
applied to the sample. In this setup, a filled states STM image indicates that a negative bias 
was applied to the sample. Conversely, an empty states STM image indicates that a positive 
bias was applied to the sample. 
The Si(111) substrates used for this work were B-doped with resistivities between 5 
mΩ-cm and 35 mΩ-cm. Prior to preparation of the 7×7 surface reconstruction [15], all 
samples were degassed by Joule heating at 600 °C – 700 °C in UHV, typically for 12 hours. 
The sample surfaces were prepared by direct current, Joule heating to a sample temperature 
between 1200 and 1250 °C for 30 s. This process was repeated three times, while only 
holding the sample at temperature for 10 s during the last iteration. The samples were slowly 
cooled through the transition from the disordered 1×1 phase to the 7×7 surface 
reconstruction. The samples were examined with the STM prior to graphene deposition to 
ensure that the sample preparation was successful. Figure 3.1 shows typical empty (Figure 
3.1a) and filled (Figure 3.1b) states STM topographs of samples after surface preparation. 
The resolution of the Si(111) – 7×7 surface differs slightly between empty (positive bias 
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here) and filled (negative bias) states. Both images also show adatom vacancies from the 7×7 
reconstruction and spurious particulate contamination. 
3.2.2 Dry Contact Transfer Method 
 In order to deposit nanometer-sized flakes of graphene without contaminating the 
highly reactive Si(111) – 7×7 surface, we use the dry contact transfer (DCT) method 
developed by Albrecht and Lyding [25] for carbon nanotube in UHV. We follow the 
development by Ritter and Lyding [5] and He et al. [6] for graphene deposition in UHV. In 
brief, a braided, fiberglass sheath is loaded with graphene flakes by rubbing against graphite 
powder or a highly ordered pyrolytic graphite crystal until the applicator is visibly gray. This 
step can occur either ex situ or in situ, if a graphite sample is prepared and loaded into the 
UHV system. Following a degassing step in UHV for 12 – 24 hours, the applicator is pressed 
gently into contact with the sample surface. The last step is repeated as necessary until 
graphene features can be located on the sample. Figure 3.2 shows an illustration of the 
applicator in relation to the target sample in an STM sample holder.  
While use of this method for depositing graphene on the Si(100) – 2×1:H surface 
tended to give mostly graphene monolayer features [5], that has not been the case for the 
Si(111) – 7×7 surface. Most of the deposition on this surface tends to leave graphite clumps. 
Many of the graphene monolayer features were attached to larger stacks of graphene 
multilayers or graphite. While this might be attributable to the increased reactivity of the 
clean Si(111) – 7×7 surface compared to the hydrogen-passivated Si(100) surface, variations 
in the size distribution of the graphite powder before loading the DCT applicator could also 
account for this difference. The DCT method also occasionally damages the Si(111) – 7×7 
surface reconstruction by scratching the surface with the applicator. Applying too much shear 
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force during the applicator-substrate contact step can account for the variability in observed 
surface damage. 
3.3 Graphene Monolayer Semi-Transparency 
 The very first scans that identified a graphene monolayer feature on the Si(111) – 7×7 
surface immediately demonstrated resolution of the substrate atomic structure through the 
graphene feature. This so-called semi-transparency effect is similar to that previously 
observed for nanometer-sized graphene monolayer features deposited on the GaAs(110) and 
InAs(110) surfaces [6] using the DCT method. This effect is also similar to the bias-
dependent observation in interface states through graphene grown on 4H-SiC(0001) [26], 
though the origin is slightly different than for the III-V(110) surfaces. On the Si(100) – 
2×1:H surface, removing hydrogen from the graphene Si(100) interface leads to similar 
resolution of the substrate structure through the graphene.  
 Figure 3.3 shows an archetypal filled states (–2.0 V, 100 pA) false color STM 
topograph of a nanometer-sized graphene monolayer feature on the Si(111) – 7×7 surface. 
Due to contamination from the DCT deposition process, the 7×7 reconstruction of surface 
adjacent to this feature is slightly obscured. However, the surface reconstruction is very 
clearly visible underneath the graphene flake, indicating that the deposition process does not 
damage the reconstruction underneath the feature. There are also protrusions present in the 
graphene monolayer where it conforms to the underlying material. As seen in Figure 3.1, 
there are often small features of this size on the Si(111) – 7×7 surface after preparation. 
These features likely lead to the protrusions observed in the graphene monolayers on this 
surface. These types of protrusions have also been seen in graphene deposited on the Si(100) 
– 2×1:H [5], GaAs(110), and InAs(110) [6] surfaces using the DCT method. This observed 
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semi-transparency effect is present in all of the monolayer graphene features, regardless of 
feature size observed thus far.  
 Figure 3.4a shows another filled states (–2.0 V, 10 pA) STM topograph of a 
monolayer graphene feature on the Si(111) – 7×7 surface deposited using the DCT method. 
As in Figure 3.3, the substrate reconstruction is clearly visible through the feature and there 
are small protrusions present within the graphene feature. The surrounding area is less 
contaminated than the area in Figure 3.3 and has few vacancies in the surface reconstruction. 
Figure 3.4b shows a topographic line profile along the red line indicated in Figure 3.4a. This 
height profile indicates that the observed spacing between the graphene and the Si(111) – 
7×7 surface is ~ 1.4 Å, much less than the interlayer spacing in bulk graphite.  
 Similarly, Figure 3.5a shows an empty states (+1.9 V, 20 pA) STM image of a 
different monolayer graphene feature. The overlaid topographic derivative of the STM 
topograph again clearly shows resolution of the Si(111) – 7×7 surface reconstruction through 
the graphene feature. Figure 3.5b shows a topographic line profile along the red line 
indicated in Figure 3.5a. The line contour is take along the dimer direction of the Si(111) – 
7×7 surface reconstruction [15] and shows the expected ~2.7 nm spacing between the corner 
holes of the reconstruction on both the substrate and the graphene, confirming the resolution 
of the substrate reconstruction through the graphene. The measured spacing between the 
graphene and the substrate for this feature is ~1.7 Å. Both the measured values for this 
feature and that from Figure 3.4 are much less that the graphene layer spacing in bulk 
graphite and the measured values for graphene on the Si(100) – 2×1:H [5], GaAs(110), and 
InAs(110) [6] surfaces. The measured separation for graphene on this surface suggests that 
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the interaction between the graphene and the Si(111) – 7×7 surface is stronger than the for 
hydrogen-passivated Si(100) or the III-V(110) surfaces.  
3.4 Bias-Dependent Imaging of Monolayer Graphene on Si(111) – 7×7 
Prior work from our group examining graphene on the InAs(110) and GaAs(110) 
surfaces [6] demonstrated a bias-dependence to the resolution of the substrate structure 
through the graphene. On these surfaces, the STM resolved a superposition of the substrate 
atomic structure and the graphene structure at biases far from the Fermi level; but it resolved 
primarily the graphene structure for smaller tip-sample biases close to the band edges of the 
substrates. The observed semi-transparency of graphene on the Si(111) – 7×7 surface at large 
tip-sample biases (|𝑉| > 1.5 V) is quite similar to the III-V(110) cases. In light of this, we 
acquired STM images of the graphene features at multiple tip-sample biases to test for a 
similar bias-dependence to the resolution. However, we find that the STM resolution does 
not change in exactly the same fashion as for the III-V(110) substrates. 
Figure 3.6a shows a filled states (–2.0 V, 100 pA) STM topograph of the same 
monolayer graphene feature from Figure 3.3. Figure 3.6b shows a smaller topographic 
derivative STM image (–2.0 V, 100 pA) from the boxed region indicated in Figure 3.6a. 
While the resolution is not perfect, there are indications of resolution of the graphene lattice 
solely in areas of the graphene feature that correspond to topographic protrusions or 
vacancies in the underlying surface reconstruction. Figure 3.7a shows the same STM 
topograph as Figure 3.6a. Figure 3.7b shows a topographic derivative STM image from 
approximately the same boxed region indicated in Figures 3.6a and 3.7a and shown in Figure 
3.6b acquired at the same tunneling current but a smaller tip-sample bias (–0.3 V, 100 pA). 
Again, the STM resolves the structure of the substrate 7×7 surface reconstruction as in the 
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larger tip-sample bias case. However, this image also resolves the graphene lattice over the 
entire area shown, not just over the protrusions and substrate vacancies. The vertical, red line 
indicates one of the Si(111) – 7×7 dimer directions, and the purple line indicates one of the 
graphene zigzag directions. This gives a relative rotation of ~10° from alignment between the 
substrate and the graphene. Unlike graphene on the InAs(110) and GaAs(110) surfaces [6], 
the contribution of the density of states of the Si(111) – 7×7 to the STM image does not 
disappear for smaller filled states tip-sample biases.  
 Figure 3.8a shows an filled states (–2.0 V, 100 pA) STM topograph of a different 
graphene monolayer feature on the Si(111) – 7×7 surface. As with other graphene features on 
this surface, there are protrusions in the graphene that likely correspond to the graphene 
conforming to some small surface contaminants. Figure 3.8b shows a smaller scan size, 
empty states (+2 V, 100 pA) topographic derivative acquired from the boxed region indicated 
in Figure 3.8a. As with the filled states STM image from Figure 3.6b, the STM resolves 
graphene lattice only over the protrusions in the graphene layer or the locations of adatom 
vacancies in the substrate reconstruction.  
Figure 3.9a shows a smaller bias, empty states (+0.04 V, 100 pA) STM topograph 
from the same area as Figure 3.8b. From the topogaph, resolution of the graphene lattice over 
the protrusions in the graphene layer or substrate vacancies are still visible. Figure 3.9b 
shows a topographic derivative of the STM topograph from Figure 3.9a. There was small 
amount of drift between the acquisition of the STM scans in Figures 3.8b and 3.9. Again, the 
vertical, red line in Figure 3.9b indicates one of the Si(111) – 7×7 dimer directions, and the 
purple line indicates one of the graphene zigzag directions. This also gives a relative rotation 
of ~10° from alignment between the substrate and the graphene feature. Though this feature 
 82 
 
and those from Figures 3.6 and 3.7 have the same rotational alignment with the substrate 
surface, we did not observe a preferential alignment of graphene on the substrate for the 
features studied.  
The increased contrast from the derivative in Figure 3.9b shows the graphene lattice 
more clearly; graphene lattice resolution only occurs on protrusions in the graphene and over 
vacancies in the substrate surface reconstruction. Any resolution of the graphene lattice away 
from the protrusions and substrate vacancies is very subtle and faint. This shows that the 
density of states of the Si(111) – 7×7 substrate dominate that of the graphene in filled states 
and in empty states, except for very small tip-sample biases. This suggests that the interaction 
between the graphene and Si(111) – 7×7 suface is stronger than that for graphene on the 
Si(100) – 2×1:H [5], GaAs(110), and InAs(110) [6] surfaces; where the graphene substrate 
spacing is larger than that observed here. 
3.5 Scanning Tunneling Spectroscopy of Monolayer Graphene on Si(111) – 7×7 
In order to study the electronic interaction at the interface between graphene an the 
Si(111) – 7×7 substrate, we perform scanning tunneling spectroscopy (STS) measurements 
of graphene on this surface between +2.0 V and –2.0 V tip-sample bias. Figure 3.10a shows a 
filled states (–2.0 V, 20 pA) STM topograph of a narrow monolayer graphene feature. The 
dashed, green line is an outline of the edge of the graphene feature; the dashed, red line 
indicates the acquisition location of a line of STS data points. Figure 3.10b is a spatial 
derivative of the STM topograph from Figure 3.10a to provide better contrast. It shows the 
resolution of the substrate reconstruction through the graphene, as with other monolayer 
graphene features.  
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Figure 3.11a shows the average of the (I – V) data acquired along the indicated line 
from Figure 3.10. The change in slope of the data near –1.0 V may indicate that the graphene 
is n-doped with the Dirac point near –1.0 V. From the acquired (I – V) data, we calculated the 
normalized tunneling conductance (dI/dV)/(I/V), often called the density of states (DOS). 
Figure 3.11b shows a plot of the average calculated DOS of the data from the plot in Figure 
3.11a. Though the curve is somewhat noisy due to the derivation process, there is a 
secondary minimum near –1.0 V, suggesting that the graphene is n-doped. This potential 
electron doping contrasts a recent report hole doping for graphene on Si(111) – 7×7 [9].  
However, this report extracted the doping from an ex situ measurement. Reported STS 
measurements of graphene, with an insufficient UHV degas, after ambient exposure show 
that it is heavily hole-doped [27]. Indeed, the reported hole doping from Ochedowski et al. 
[9] is likely confounded by adsorbed water and oxygen [28]. 
3.6 Simulations of the Graphene on Si(111) – 7×7 System 
 In an effort to further understand the origin of the observed behavior of graphene on 
the this surface, we collaborated with Prof. Salvador Barraza-Lopez from the University of 
Arkansas to run density-functional theory (DFT) calculations of graphene on the Si(111) – 
7×7 surface. Once the commensurate graphene and Si(111) – 7×7 surface relaxed, we were 
surprised that no covalent bonds formed between the graphene and the Si(111) surface. This 
stands in stark contrast to our expectations given the apparent stronger interaction for 
graphene on this surface, the high density of dangling bonds, and the observation of bonding 
between graphene and clean Si(100) – 2×1 after depassivating hydrogen underneath 
graphene features [8]. The simulations also predict that the graphene is heavily n-doped due 
to charge transfer from the Si(111) – 7×7 reconstruction to the graphene. The predicted n-
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doping of the graphene agrees well with the observed secondary minimum in the graphene 
DOS spectra near –1.0 V.  
 From the DFT data, the extracted equilibrium spacing between the graphene and the 
topmost atoms of the Si(111) – 7×7 surface reconstruction varies between 2.28 Å and 3.14 Å 
within the simulated unit cell. The large variation suggests that the height may change under 
the dynamic pressure exerted by the STM tip as it raster scans the surface. These values are 
also larger than those measured by STM and suggest that the STM tip pushes the graphene 
closer to the substrate similar to that observed for graphene on the III-V(110) surfaces [6] 
and for graphene on SiO2/Si [10]. Figure 3.12 shows simulated STM images for (a) the 
reconstructed Si(111) – 7×7 surface and (b) graphene on the Si(111) – 7×7 surface. The tip-
sample biases used in the simulated images are indicated and range from –2.0 V to +2.0 V in 
0.5 V steps. Comparing (a) and (b) shows that the simulated STM images of the combined 
system (b) are dominated by the substrate features between –1.0 V and +1.0 V, which 
corresponds well with the experimental observation.  
Though not shown in the figure, the isosurfaces for the substrate features due to the 
dangling bonds are closer to the surface as the tip-sample bias decreases in magnitude. This 
means that the STM tip must be closer to the surface to probe these features, since the density 
of substrate states is still larger than that of the π-orbitals of the graphene. From the DFT-
derived equilibrium spacing, the graphene is only weakly interacting with the Si(111) – 7×7 
substrate. So, the graphene is pushed closer to the Si(111) surface dynamically as the tip 
raster scans the surface. Such behavior would agree well with other reported observations of 
graphene deformation due to the STM tip [6, 10].  
 
 85 
 
3.7 Multilayer Graphene on Si(111) – 7×7 
The DCT method deposits graphene flakes with a variety of shapes and layer 
numbers: from small, isolated monolayers like that shown in Figure 3.3 to varied layer 
number features like that shown in Figure 3.13. The filled states (–2.0 V, 100 pA) STM 
topograph displayed in Figure 3.13a shows a predominantly bilayer graphene flake, with a 
thicker region near the center. There are also folded regions near the edge of the flake. Figure 
3.13b show a plot of a line contour taken along the red line indicated in Figure 3.13a and 
illustrates the different layer thicknesses of the flake. From right to left, the first step of ~5 Å 
suggests two layers of graphene, possibly with the spacing between the substrate and the first 
layer near 1.5 Å and that between the first and second layer near the bulk graphite value of 
3.5 Å. The step from the bilayer graphene region to the top is ~3.5 Å, which indicates that 
this region is a graphene trilayer. Given the morphology, this feature may have formed from 
a bilayer graphene flake draped over a smaller monolayer graphene feature; it may also have 
formed from strange tearing of the graphene during the DCT process. 
Figure 3.14a shows a filled states (+1.6 V, 100 pA) STM topograph of the upper part 
of the feature shown in Figure 3.13a. The spatial derivative of the topograph (Figure 3.14b) 
reveals resolution of the substrate structure through the graphene bilayer. Figure 3.15a shows 
an empty states (+1.1 V, 50 pA) spatial derivative STM image from the boxed region in 
Figure 3.14a. Here there is very faint resolution of the Si(111) – 7×7 substrate structure, but 
the graphene lattice dominates the resolution. Figure 3.15b shows an empty states spatial 
derivative STM image of the same area as Figure 3.15a acquired with a smaller tip-sample 
bias (+0.14 V, 50 pA). In this case, the resolution is a superposition of the graphene lattice 
and the Si(111) – 7×7 substrate structure through the graphene bilayer. The substrate 
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resolution through the bilayer graphene feature allows us to identify the rotation between the 
graphene zigzag direction and one of the Si(111) – 7×7 dimer direction as ~28°.  
The resolution of bilayer graphene on this surface does not behave in the same 
manner as bilayer graphene on GaAs(110) or InAs(110) [6]. For those systems, the In and Ga 
orbitals do not penetrate as far into space as the reconstructed Si orbitals, which leads to 
resolution of a superposition of the substrate structure and the graphene lattice for 
comparable tip-sample biases [6]. However, the resolution of bilayer graphene on Si(111) – 
7×7 observed in Figure 3.15 is similar to that reported for graphene monolayer grown 
epitaxially on the 4H-SiC(0001) surface [26]. 
3.8 Conclusions 
In summary, we combine STM and STS with DFT calculation to examine the 
interface between graphene and the Si(111) – 7×7 surface with atomic-scale resolution. The 
STM resolves the substrate surface reconstruction of the Si(111) through the monolayer 
graphene for all biases, except on protrusions in the graphene and over vacancies in the 
Si(111) – 7×7 surface reconstruction. For small tip-sample bias scans, the STM resolves a 
superposition of the graphene lattice and the substrate surface reconstruction. On bilayer 
graphene, the STM tip resolves the substrate surface reconstruction through the graphene at 
large tip-sample biases (greater than 1.5V magnitude) and a superposition of the graphene 
lattice and substrate structure for smaller tip-sample biases. These observations suggest a 
strong graphene-substrate interaction. The DFT simulations suggest that the graphene should 
be strongly n-doped, due to charge transfer from the Si adatoms to the graphene. Scanning 
tunneling spectroscopy seems to support this conclusion, with a secondary minimum near  
–1 V in the calculated DOS.  
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However, the DFT calculations also show conclusively that no covalent bonds form 
between the graphene and the Si(111) – 7×7 surface, despite the high density of dangling 
bonds for the Si(111) – 7×7 surface reconstruction and in contrast to a priori expectations. 
Two conditions must be met in order for the STM to resolve the substrate features regardless 
of tip-sample bias: (i) the electronic density of the substrate dangling bonds must be larger 
than those of the graphene π-orbitals; and (ii) at small tip-sample biases, the STM tip must 
push the graphene monolayer closer to the substrate to tunnel into the features of the Si(111) 
– 7×7 surface reconstruction. Since graphene does not bond to the Si(111) – 7×7 surface, 
graphene could be used to prevent contamination of the highly reactive Si(111) – 7×7 surface 
in vacuum and possibly for short times in ambient.  
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3.9 Figures 
 
 
 
Figure 3.1. STM images showing the structure of the Si(111) – 7×7 surface. (a) Empty states STM 
topograph of a p-type Si(111) – 7×7 sample. (b) Filled states STM topograph of a p-type Si(111) – 
7×7 sample. The resolution of the surface reconstruction is slightly different in filled states versus that 
in empty states. However, both show the corner holes of the reconstruction clearly.  
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Figure 3.2. Schematic diagram of the dry contact transfer (DCT) process. The fiberglass applicator is 
loaded with graphene flakes by exfoliation from bulk highly ordered pyrolytic graphite. Pressing the 
applicator onto the clean Si(111) – 7×7 surface in situ eliminates oxidation of the Si(111) surface that 
would occur with ex situ transfer techniques. Image provided by Prof. Joseph Lyding. 
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Figure 3.3. Filled states STM topograph of a monolayer graphene flake on a Si(111) – 7×7 surface. 
The atomic structure of the Si(111) – 7×7 surface reconstruction is clearly visible through the 
graphene monolayer. The substrate surface surrounding the graphene feature has some contamination 
and damage from the DCT process. However, the substrate underneath the graphene is undamaged.  
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Figure 3.4. Monolayer graphene flake on the Si(111) – 7×7 surface. (a) Filled states STM topograph 
showing a graphene flake on the Si(111) – 7×7 surface with the substrate clearly resolved through the 
graphene feature. (b) Height profile along the red line indicated in (a) showing that the spacing 
between the graphene and the substrate is ~1.4 Å.  
 
  
5 nm
−2.0 V, 10 pAa
b
0 50 100 150 200 250 300
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
 
H
e
ig
h
t 
(Å
)
Position (Å)
~1.4 Å
 92 
 
 
 
Figure 3.5. Larger monolayer graphene flake on the Si(111) – 7×7 surface. (a) Empty states STM 
topograph with inset spatial derivative showing another graphene monolayer. Again, the substrate 
atomic structure is clearly resolved through the graphene. (b) Height profile along the red line 
indicated in (a) showing that the spacing between the graphene and the substrate for this feature is 
~1.7 Å. 
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Figure 3.6. Graphene semi-transparency in filled states for graphene on Si(111) – 7×7. (a) Filled 
states STM topograph of a monolayer graphene feature on the Si(111) – 7×7 surface. Same feature as 
Figure 3.3. (b) Smaller scan size filled states spatial derivative STM image from boxed area indicated 
in (a). STM resolves graphene lattice on protrusions in the graphene or over vacancies in the substrate 
surface reconstruction. Elsewhere, the STM tip resolves the atomic structure of the Si(111) – 7×7 
surface reconstruction. 
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Figure 3.7. Filled states bias dependence of STM resolution of monolayer graphene. (a) Same STM 
topograph as Figure 3.6a. (b) Smaller tip-sample bias filled states STM image of same region as 
Figure 3.6b, indicated by the red box in (a). The STM resolves a superposition of the graphene lattice 
and the Si(111) – 7×7 substrate surface structure over the entire scan area. The red line indicates a 
dimer direction of the Si(111) – 7×7 reconstructed surface, and the purple line indicates one of the 
graphene zigzag direction. The rotation between the graphene and Si(111) – 7×7 substrate is ~10°. 
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Figure 3.8. Graphene semi-transparency in empty and filled states for monolayer graphene on 
Si(111) – 7×7. (a) Filled states STM topograph of monolayer graphene feature showing protrusions in 
the graphene and resolution of the substrate atomic structure through the graphene. (b) Empty states 
spatial derivative STM image of boxed region in (a). The STM resolves the graphene lattice on 
protrusions in the graphene or over vacancies in the substrate surface reconstruction. Elsewhere, the 
STM tip resolves the atomic structure of the Si(111) – 7×7 surface reconstruction. The imaging is 
slightly unstable over the local protrusions in the graphene.  
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Figure 3.9. Empty states STM resolution of monolayer graphene near Fermi level. (a) Small tip-
sample bias empty states scan of an adjacent region to that from Figure 3.8b. Graphene lattice is 
clearly visible even in the topograph on the protrusions in the graphene and over the vacancies in the 
substrate surface reconstruction. (b) Spatial derivative of (a) showing resolution of the Si(111) – 7×7 
substrate surface structure everywhere except the protrusion in the graphene and vacancies of the 
substrate surface reconstruction. The red and purple lines indicate one of the dimer directions of the 
Si(111) – 7×7 surface and one of the graphene zigzag directions, respectively. This graphene feature 
is also rotated ~10° from alignment with the substrate. 
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Figure 3.10. Location of scanning tunneling spectroscopy (STS) data for monolayer graphene. (a) 
Filled states STM topograph of monolayer graphene flake on the Si(111) – 7×7 surface. The dashed, 
green line indicates the edges of the feature; the dashed, red line shows the location of STS data point. 
(b) Spatial derivative of (a) showing the substrate atomic structure through the graphene, the same 
feature outline, and the location of STS data points.  
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Figure 3.11. Scanning tunneling spectroscopy (STS) data for monolayer graphene on Si(111) – 7×7. 
(a) Average of (I – V) data acquired along the line indicated in Figure 3.10. The average spectrum has 
a change in slope near –1.0 V tip-sample bias. (b) Calculated normalized tunneling 
conductance (dI/dV)/(I/V), or density of states (DOS) for the graphene STS data from (a).  
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Figure 3.12. Simulated STM images from density-functional theory (DFT) calculations of graphene 
aligned with Si(111) – 7×7 surface. (a) Simulated STM for Si(111) – 7×7 substrate showing the well-
known corner holes from the surface reconstruction. (b) Simulated STM images for graphene 
adsorbed on Si(111) – 7×7 surface. Parts of the graphene lattice are resolved for all simulated tip-
sample biases. Images provided courtesy of Prof. Salvador Barraza-Lopez (Univ. of Arkansas). 
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Figure 3.13. Graphene multilayer flake on the Si(111) – 7×7 surface. (a) STM topograph showing a 
graphene feature with bilayer and trilayer regions. Some edges are also folded. (b) Height profile 
along red line indicated in (a). The 5.0 Å step height to the main graphene region indicates bilayer 
graphene, and the subsequent 3.5 Å step indicates trilayer graphene in that region. 
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Figure 3.14. Bilayer graphene semi-transparency in empty states on the Si(111) – 7×7 surface. (a) 
STM topograph of upper, bilayer graphene region of feature from Figure 3.13. The edges of the 
feature are unstable under STM imaging. (b) Spatial derivative of the STM topograph from (a) 
showing resolution of the Si(111) – 7×7 substrate structure through the bilayer graphene feature. 
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Figure 3.15. Empty states bias dependence of STM resolution of bilayer graphene. (a) Empty states 
STM image of bilayer graphene far from the Fermi level. The resolution of the substrate atomic 
structure is poorer than for monolayer graphene; the STM primarily resolves the graphene lattice over 
the entire bilayer graphene region. (b) Smaller tip-sample bias empty states STM image of same 
region as (a) close to the Fermi level. Here the STM primarily resolves the graphene lattice, a 
byproduct of the interaction with the Si(111) – 7×7 substrate. The angle between the graphene zigzag 
direction and the Si(111) – 7×7 dimer row direction is ~28° for this bilayer graphene feature.  
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CHAPTER 4. THE EFFECTS OF PRESSURE ON CHEMICAL VAPOR 
DEPOSITION GROWTH OF HEXAGONAL BORON NITRIDE 
 
4.1 Chemical Vapor Deposition Growth of Hexagonal Boron Nitride on Cu  
 Hexagonal boron nitride (h-BN) is an insulating, two-dimensional (2D) equivalent of 
graphene. There has been recent interest in the use of h-BN films as insulating spacers [1], 
encapsulatory structures [2], high-performance substrates for graphene-based electronics [3, 
4], corrosion-resistant [5] and high temperature oxidation-resistant [6] coatings, and target 
substrates for growth of other 2D nanomaterials like graphene [7] and WS2 [8]. Most of these 
studies have employed small-area (~100 µm
2
) h-BN pieces exfoliated from sintered h-BN 
crystals [9]. Unlike graphene, however, BN is difficult to prepare in monolayer form by 
exfoliation. The electronegativity difference between B and N and the reduced resonance 
stabilization relative to graphene means that electrostatic attractions between layers are 
strong. Furthermore, partially ionic B-N bonds can form between neighboring BN layers, 
serving to “spot weld” such layers together [10].   
Several groups have sought to overcome these limitations by using chemical vapor 
deposition (CVD) to grow large-area h-BN films [11-21]. An obvious single-source CVD 
precursor for h-BN is borazine (B3N3H6, isoelectronic with benzene), which has a 
stoichiometric ratio of boron and nitrogen. This molecule readily undergoes pyrolysis and 
dehydrogenation [22-25] to generate h-BN films [13, 17, 19, 26]. However, this molecule 
decomposes relatively quickly even at room temperature. Furthermore, borazine does provide 
the monomeric B–N or B=N units necessary to precisely attach to edges and prevent 
aperiodic h-BN grain boundaries [17]. This limitation leads to the growth of h-BN films with 
                                                 
*
 Material in this chapter modified and reproduced with permission from ACS Nano, submitted for publication. 
Unpublished work copyright 2015 American Chemical Society. 
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smaller grain sizes and a high density of voids and unstitched h-BN grain boundaries [19]. 
Thin films of h-BN have also been grown from mixtures of diborane (B2H6) and ammonia 
(NH3) [14]. However, diborane is toxic and pyrophoric, limiting its use in some scenarios 
due to the extra safety protocols required.  
In contrast to borazine and the mixture of ammonia and diborane, ammonia-borane 
(H3N–BH3) is inexpensive, air stable, and generates sufficient volatile byproducts upon 
heating to serve as a CVD precursor for h-BN thin films [12, 15, 16, 18, 27-32]. Ammonia-
borane is stable for over two months at room temperature [33], with an estimated vapor 
pressure of 10
-4
 Torr [34, 35]. Upon heating, ammonia-borane decomposes into hydrogen 
and volatile boron and nitrogen-containing species. The precise composition of the volatile 
boron and nitrogen-containing vapor is temperature dependent, but aminoborane (H2N=BH2), 
borazine, and tiny amounts of diborane are the primary constitutents at the temperatures used 
in most h-BN growth setups [27, 36]. Like the dual source ammonia and diborane, ammonia-
borane provides the necessary B–N and B=N monomers required for improved growth 
attachment [37].  
However, the growth of h-BN from ammonia-borane, which is typically carried out in 
a background containing H2, gives variable results depending on growth temperature [38], 
growth substrate roughness [39, 40], position of the growth substrate from the precursor 
source [38], and the precursor flux. The precursor flux [15, 16] and the molecular 
constituents of the flux [27, 36] are very sensitive to the precursor temperature; the borazine 
component only appears when the precursor temperature exceeds 127 °C [36]. The precise 
nature of the decomposition once the precursor vapor reaches the hot zone of the furnace 
before reaching the copper is not well understood; it is unclear what further decomposition 
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steps, if any, the aminoborane or borazine undergo in the gas phase before reaching the Cu 
foil [27, 36]. Any further decomposition steps will likely depend on the background pressure 
of hydrogen [41]. Furthermore, the decomposed precursor can sometimes form aminoborane 
nanoparticles on the growth substrate [15, 30, 32]. Despite these limitations, it is possible to 
grow h-BN with large grain sizes under atmospheric pressure CVD conditions, provided that 
the precursor flux is kept very low, an electropolished Cu surface is used, and the substrate 
temperature is kept near the melting point of Cu [40]. 
To date, little mechanistic information is available on the CVD growth of h-BN from 
ammonia-borane. Most CVD studies of this process involved Cu or Ni substrates without 
taking into consideration the possibility that these surfaces might promote different growth 
mechanisms, as they do for graphene growth [42]. There is speculative evidence suggesting 
that h-BN deposition on Cu from ammonia-borane proceeds by surface catalysis [15]. In 
addition, there are few studies examining the role of the substrate crystalline structure in h-
BN growth [43]; the substrate structure is known to influence the growth rate and nucleation 
density of graphene growth on Cu [44].  Finally, there are no studies of how h-BN growth 
depends on the partial pressures of the precursor and H2 co-reactant. In graphene, poor 
control of these partial pressures affects the domain size and growth rate, resulting in 
defective, multilayered thin films [45-48]. 
Herein, we examine how the growth pressure and H2 concentration relative to the 
ammonia-borane decomposition flux affect the CVD growth of h-BN. We find that low 
pressure CVD (LPCVD) gives uniform, planar h-BN films, as ascertained by scanning 
electron microscopy (SEM), atomic force microscopy (AFM), X-ray photoelectron 
spectroscopy (XPS), Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy, 
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and scanning tunneling microscopy (STM) and spectroscopy (STS). While holding the 
precursor temperature and carrier gas flows constant, increasing the growth pressure 
significantly alters the properties of the h-BN, producing a thicker, more disordered film with 
non-planar, sp
3
 components. Further, higher precursor flux conditions in LPCVD growth also 
give thicker, nanocrystalline h-BN films, emphasizing the importance of the ratio of 
precursor to H2 in h-BN CVD growth.  
4.2 Hexagonal Boron Nitride Growth Conditions 
Thin films of hexagonal boron nitride (h-BN) have been grown by CVD on 
polycrystalline Cu foils at 1000 °C from the precursor ammonia-borane in a background 
containing H2. Although temperatures above ~1170 °C are nominally required to produce 
crystalline h-BN [27, 36], metal catalysts can reduce this threshold to the ~1000 °C 
temperatures used in our experiments [49, 50]. 
Figure 4.1a shows an image of the h-BN growth furnace with ammonia-borane 
precursor reservoir attached. We kept the precursor reservoir at ~95 °C for the majority of the 
growth runs. When ammonia-borane is heated to this temperature, it decomposes primarily 
into H2 and monomeric aminoborane (H2N=BH2), with very small amounts of borazine and 
diborane [27, 36]. Typically, the pressure in the chamber temporarily increases slightly by 
~0.05 Torr upon opening the valve to the precursor to begin the growth step. This pressure 
spike dissipates in under ~1 min. For some of the h-BN samples, especially if the precursor 
temperature was around 100 °C, the pressure increase upon opening the valve to the 
precursor was higher (up to several Torr increase). This increase in pressure spike was likely 
due to excess build-up of H2 and ammonia-borane decomposition products in the reservoir. 
We refer to this higher than normal pressure spike from the precursor as high mass (HM) 
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flow conditions (see Section 4.11, page 128 for a more extensive discussion). Figure 4.1b 
shows the polymeric residue that accumulates on the outlet of the adapter connecting the 
ammonia-borane reservoir to the furnace after a growth under HM flow conditions. The 
accumulated polymerized material suggests that the HM condition creates excess monomeric 
aminoborane flux that condenses into (H2N–BH2)n (polyaminoborane) (PAB) on the cool 
surfaces outside the precursor reservoir.  
The Ar:H2 carrier gas ratio was fixed at 4:1, with flow rates of either 400:100 
standard cubic centimeters per minute (sccm) or 200:50 sccm. In our furnace setup, the 
precursor decomposition products diffused from the reservoir into the Ar:H2 carrier gas 
stream before being transported into the growth chamber (Figure 4.1). Three pressure 
regimes were investigated: (1) low pressure CVD conditions (LPCVD), for which the total 
Ar/H2 background pressure, PTOT, is 2 Torr (PH2 = 0.4 Torr) or less; (2) medium pressure 
conditions, either PTOT = 20 Torr (PH2 = 4 Torr) or PTOT = 200 Torr (PH2 = 40 Torr); and (3) 
atmospheric CVD conditions (APCVD), for which PTOT = 760 Torr (PH2 = 152 Torr). 
4.3 Morphology of Hexagonal Boron Nitride Films versus Growth Pressure 
Figure 4.2a shows a large-area SEM image of an h-BN film grown on Cu under 
LPCVD conditions.  The closely spaced (ca. 0.025 μm) striations running vertically in the 
image indicate the step flow direction of the underlying Cu surface. These steps result from 
the mismatch in thermal expansion coefficients between h-BN and Cu, forming only if the 
overlayer is planar and has a well-ordered crystalline structure [51]. The faint striations 
running diagonally from upper right to lower left are attributed to wrinkles in the h-BN 
overlayer formed during the growth process [15, 17, 28, 30, 52]. Figure 4.2b is a small-area 
SEM image of another region of the same LPCVD grown h-BN sample. The prominent 
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feature that approximately bisects the image vertically is a Cu grain boundary. Here, an h-BN 
wrinkle crosses the Cu grain boundary; similar behavior has been seen for graphene [53].  
When growth is conducted at medium pressures of background gas, the Cu step flow 
features and h-BN wrinkles are absent, and the surface appears morphologically rough 
(Figure 4.2c). There is also a high density of charged nanoparticles in the image. Similar 
results are obtained at a growth pressure of 200 Torr (Figure 4.2d) with a rough surface and 
the absence of Cu step flow features. Under APCVD conditions, the h-BN film is non-planar 
and exhibits dendritic surface features in both the large-area (Figure 4.2e) and small-area 
(Figure 4.2f) SEM images. There are no previous reports of such dendritic surface features 
for APCVD grown h-BN. Again, there are no obvious Cu step flow features or h-BN 
wrinkles, suggesting that the APCVD grown film is thicker than those grown under LPCVD 
conditions.  
Figure 4.3 shows further SEM images of LPCVD and APCVD grown h-BN. The h-
BN grown at 1.2 Torr (Figures 4.3a and 4.3b) have similar morphology to the h-BN films 
grown at 2.0 Torr. The SEM images of the APCVD grown h-BN sample in Figures 4.3c and 
4.3d are slightly less disordered than the APCVD grown h-BN film shown in Figures 4.2e 
and 4.2f. The surface still has a more polymeric, disordered structure than h-BN grown at 
lower pressures.  
 In Figure 4.4, we present AFM images the h-BN films as a function of the growth 
pressure. Figure 4.4a shows an h-BN film grown at 1.2 Torr (LPCVD regime) after transfer 
to SiO2 and lithographic patterning (step indicated by the dashed, blue line). The film has 
similar root-mean-square (RMS) roughness to the SiO2 surface (0.58 nm) and a measured 
step height of 0.8 ± 0.1 nm, indicating that the film consists of one to two h-BN layers [9, 
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10]. A slight increase of the growth pressure to 2.0 Torr leads to a film with a step height of 
1.0 ± 0.3 nm. After annealing the film in Ar/H2 at 400 °C, the film is smoother (0.45 nm 
RMS roughness) than the film from Figure 4.4a. However, the Ar/H2 anneal leaves etch 
tracks in the film. Due to the H2 etching, other samples were annealed in air (see Section 
4.10.2, page 125).  
Figures 4.4c and 4.4d show AFM topographs of two different films also grown under 
LPCVD conditions at 2.0 Torr, but the flux from the precursor reservoir was higher than 
normal (HM conditions). For these two growth runs, the temperature of the precursor 
reservoir was higher (~100 °C) than other growths. At this higher temperature, the precursor 
evolves larger amounts of H2 and volatile boron and nitrogen containing species. For further 
discussion of the HM conditions, see Section 4.11, page 128. The resulting h-BN film in 
Figure 4.4c is 3.2 ± 1.4 nm thick (1.51 nm RMS roughness). Films grown under such HM 
flow conditions are thicker and have rougher morphology than films grown under LPCVD 
conditions with normal precursor flux. Like graphene growth on Cu foil [47], CVD growth of 
h-BN is also quite sensitive to the ratio between the precursor (decomposed H3N–BH3) and 
H2.  
 When grown at intermediate pressures of background Ar/H2 gas (20 Torr), the film 
thickness increases to 3.4 ± 0.6 nm (3.20 nm RMS roughness). The films feature scattered 
large protrusions that result from the film transfer (Figure 4.4e). Still, there is a higher 
concentration of smaller protrusions in a linear feature in the AFM image center. A former 
annealing twin from the Cu growth substrate could produce this linear feature, which is 
rougher than the surrounding regions (see Figure 4.4e). Such high-index Cu surfaces are 
113 
 
known to lead to more defective, thicker graphene growth [44], and therefore enhanced h-BN 
growth on the twin is not surprising.  
Figures 4.4f–h show AFM images for h-BN films grown at 200 Torr and 760 Torr 
(APCVD) Ar/H2 background pressures after lithographic patterning (see Section 4.10.3, page 
125). At medium growth pressures (200 Torr) in Figure 4.4f and 4.4g, the film has a step 
height of 10.1 ± 0.9 nm (1.53 nm RMS roughness). Under APCVD conditions (Figure 4.4h), 
the h-BN films are rougher yet (1.64 nm RMS roughness) and possess inhomogeneous 
depressions with contours corresponding to the morphology seen in SEM (Figures 4.2e and 
4.2f).  
The summary of the measured RMS roughness values for the h-BN films shown in 
Table 4.1 indicates that the roughness of the h-BN increases with growth pressure. While the 
roughness of the lowest pressure growth (1.2 Torr) is slightly higher than that for the 2.0 Torr 
growth, this is most likely due to the conformal nature of the 1 to 2 h-BN layer film on the 
substrate compared to the thicker film grown at 2.0 Torr. The outlier RMS roughness value 
for the h-BN sample grown at 20 Torr can be explained by a former annealing twin from the 
Cu growth surface. 
 The step height contours for different growth pressures shown in Figure 4.5 indicate 
that the film thickness—and thus the growth rate—increases monotonically with increasing 
growth pressure. Comparing the h-BN samples grown at 1.2 Torr and 2.0 Torr shows a small 
height difference of 0.2 nm, suggesting that the sample grown at 1.2 Torr consists of one to 
two h-BN layers, and that the one grown at 2.0 Torr consists of two to three h-BN layers. The 
step height for the sample grown at 2.0 Torr under HM conditions of ~3.2 nm is close to that 
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for the sample grown at 20 Torr, indicating the importance of the ratio between the precursor 
byproducts and H2 in determining the growth rate and the resulting film thickness.  
Comparing the measured step height in Figure 4.5 for the APCVD grown h-BN 
shown in Figure 4.4h with that for the h-BN grown at 200 Torr (Figures 4.4f and 4.4g), 
however, shows that the APCVD grown film has a smaller step height. This runs counter to 
the trend for the other growth pressures. The APCVD grown h-BN sample in Figure 4.4h 
was lithographically patterned (see Section 4.10.3, page 125) and exposed to O2 plasma 
concurrently with the sample grown at 200 Torr shown in Figure 4.4f. Despite using the 
same etching conditions, the remaining disordered pattern in the region exposed to the O2 
plasma shown in AFM data (Figure 4.4h) indicates that the APCVD film did not etch 
completely. It is possible that the APCVD grown h-BN film is in fact thinner than that grown 
at 200 Torr; the increased H2 pressure might alter the dehydrogenation rate of the volatile 
precursor byproducts. If these byproducts cannot dehydrogenate, then they will not form h-
BN [27]. However if the APCVD grown h-BN thin film has a different chemical and 
structural state (see Section 4.4), then the film might etch in the O2 plasma at a different rate 
than the h-BN film grown at 200 Torr. 
4.4 X-Ray Photoelectron Spectroscopy and Time-of-Flight Secondary Ion Mass 
Spectrometry of the h-BN Films 
So far, we have speculated on the difference in the chemical structure of the h-BN 
films grown under LPCVD, medium pressure, and APCVD conditions. To elucidate the 
chemical aspects of our h-BN thin films, we employ X-ray photoelectron spectroscopy 
(XPS), as detailed in Figure 4.6. Figures 4.6a and 4.6b show XPS photoelectron (PE) data for 
the B 1s and N 1s core levels, respectively, for samples grown at 2.0 Torr, 20 Torr, 200 Torr, 
and 760 Torr, respectively. Spectra from an h-BN film grown at 1.2 Torr (LPCVD) show 
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similar XPS core level data (Figure 4.7a). Table 4.2 summarizes our fitted spectra for the 
different h-BN samples. In Figure 4.6a, the principle B 1s feature has a binding energy (BE) 
of ~190.5 eV,  characteristic of BN [54]. The plots contain XPS data for two different h-BN 
films grown at 2.0 Torr on Alfa Aesar and Basic Copper (BC) [44] substrates. The data for 
both films possess similar line shapes and peak position BEs. Though not shown, all of the 
films also possess the weak pi plasmon peak near 199 eV [54], which further confirms that 
the films are h-BN rather than c-BN. 
For films grown at background pressure above 2.0 Torr, there is an additional XPS 
feature at ~191.1 to 191.6 eV, as determined by the deconvolution of the core level spectra. 
This feature is characteristic of sp
3
 B centers, like sp
3
 rich amorphous BN films [55] and 
PAB (BE = 191.1 eV) [56]. The FWHM of this additional sp
3
 B subpeak component 
increases as the growth pressure increases, with the largest values measured for APCVD 
grown h-BN (Table 4.2).  
The main N 1s XPS feature has a BE of ~398 eV, which is also characteristic of h-BN 
[54]. The N 1s features shown in Figure 4.6b do not significantly broaden or shift in BE as 
the growth pressure increases. However, the N 1s feature for one h-BN sample grown at 760 
Torr did have a small sub-peak at higher binding energy that corresponds to sp
3
 N [55] 
(Figure 4.7b). Therefore, at higher growth pressures, the films have both sp
2
 structured h-BN 
and sp
3
 components concurrently (i.e., no longer purely h-BN).  
 Figure 4.6c includes a summary of the extracted FWHM for the B 1s and N 1s core 
level sub-peak data and the stoichiometry for h-BN synthesized at the indicated growth 
pressures. While the FWHM of the sp
2
 B and sp
2
 N subpeaks do not broaden substantially, 
the overall width of the B 1s feature does increase with growth pressure, due to the sp
3
 B 
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subpeak component appearing for pressures above 2.0 Torr. As the growth pressure increases 
from 2.0 Torr to 200 Torr, the B:N stoichiometry of the films changes from nearly 1:1 to 
1:0.81. However, the B:N stoichiometry for the h-BN film grown at 760 Torr is nearly 1:1. 
These stoichiometries are derived for the total area of the B 1s and N 1s features. If we 
consider just the sp
2
 components of the h-BN grown at 760 Torr, then the sp
2
 only B:N 
stoichiometry is 1:1.22, namely, nitrogen rich. This sits in contrast to the h-BN grown at 20 
Torr and 200 Torr, which were nitrogen deficient. As such, the APCVD grown h-BN is in a 
different chemical state. Table 4.2 contains a summary of the B:N stoichiometries for the 
different h-BN growths. Higher background pressures not only lead to the generation of 
amorphous, polymeric features (Figures 4.2e, 4.2f, 4.3c, 4.3d, and 4.4h), but they also 
promote the incorporation of sp
3
 BN components in the samples with a different B:N ratio.  
 The time-of-flight secondary ion mass spectroscopy (TOF-SIMS) depth profile data 
shown in Figure 4.6d provides evidence of B diffusion into the Cu sub-surface during growth 
of an h-BN film at a background pressure of 2.0 Torr. The data shows B incorporation into 
the bulk of the Cu and, surprisingly, a small amount of N. Since there is no solubility of N in 
Cu [57], the decomposed precursor with the B–N bond intact might diffuse into the bulk. 
Alternatively, the B may diffuse into the bulk, while the N may diffuse into the Cu primarily 
at the grain boundaries, as observed for Ni and Co foils [58]. While the sub-surface B 
diffusion does not necessarily imply a growth mechanism based on bulk precipitation, such 
as for graphene growth on Ni [42], it suggests that growth does not proceed solely by surface 
catalysis. Recent identification of bulk precipitation during CVD h-BN growth on Ni and Co 
foils [58] and as a function of different cooling rates during CVD h-BN growth on Ni foil 
[59] suggests that this observation warrants further study. 
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4.5 Fourier Transform Infrared Spectroscopy of the h-BN Films 
 To further elucidate the nature of the sp
3
 component in the XPS data for the h-BN 
films grown at pressures above 2.0 Torr, we compare Fourier transform infrared (FTIR) 
spectra for h-BN synthesized under LPCVD conditions, HM flow LPCVD conditions, and 
APCVD conditions. Figure 4.8a shows FTIR spectra for h-BN grown at 1.2 Torr, 1.2 Torr 
with twice the growth time, 2.0 Torr, 0.6 Torr with a high precursor flux (HM condition), 
760 Torr, and bare Cu foil, respectively. The attenuated total reflection (ATR) measurement 
setup used to collect this data suppresses the E1u in-plane vibrational mode of h-BN near 
~1367 cm
-1
 [60, 61]. However, each of the h-BN samples has a peak near ~823 cm
-1
, 
corresponding to the A2u out-of-plane h-BN vibration mode [11, 60, 61]. The intensities of 
the peaks for the h-BN samples grown 1.2 Torr and 2.0 Torr are similar. Conversely, the 
intensity of the h-BN sample grown at 1.2 Torr with twice the growth time (50 minutes) is 
higher than for the standard growth time (25 minutes), suggesting that a longer growth time 
leads to a thicker film. Similarly, the h-BN sample grown at 0.6 Torr under HM conditions is 
more intense, as the resulting film is thicker than with the normal precursor flux.  
The intensity of the 823 cm
-1
 peak for the h-BN grown at 760 Torr is slightly smaller 
than that measured for the LPCVD grown samples. This is unexpected, given that AFM 
measurements show that this sample is thicker than the LPCVD grown samples. The altered 
morphological and chemical structure of the APCVD grown film may induce this effect. 
Although the signal is barely above the noise, there is a small peak near 794 cm
-1
 that is 
characteristic of disordered h-BN films [27].  
The APCVD grown h-BN films have additional peaks occur in the 1400 cm
-1
 to 1050 
cm
-1
 spectral range for APCVD grown h-BN. Figure 4.8b shows a comparison of the FTIR 
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spectra for an h-BN sample grown at 2.0 Torr and one grown at 760 Torr using the same 
background. The 760 Torr h-BN sample has three distinct peaks at ~1144 cm
-1
, ~1207 cm
-1
, 
and ~1271 cm
-1
 on top of what may be a broad baseline feature. We note that incomplete 
decomposition byproducts of the H3N–BH3 precursor possess peaks in this range [27, 62]. 
These peaks are very likely associated with the sp
3
 boron and nitrogen film components 
observed in the XPS spectra and the amorphous, and likely polymeric surface features 
observed by SEM and AFM.  
4.6 Raman Spectroscopy of the h-BN Films 
 In Figures 4.9, 4.10, and 4.11, we complement the chemical characterization of the h-
BN as determined by XPS and FTIR with vibrational information obtained using Raman 
spectroscopy. To obtain a sufficient signal for the h-BN and avoid the fluorescent 
background of the Cu foil at the 532 nm laser excitation, the h-BN films were transferred to 
SiO2/Si substrates prior to the Raman spectra measurements. We acquire Raman mapping 
data around the E2g band position (~1370 cm
-1
) [60, 63] for h-BN grown at 1.2 Torr, 2.0 Torr, 
20 Torr, 200 Torr, and 760 Torr, respectively, using a minimum array of 100 Raman point 
spectra at ~5 µm point spacing. Figure 4.9 shows representative point Raman spectra for h-
BN grown at each of the different growth pressures. Both the h-BN E2g mode at ~1370 cm
-1
 
and the Si 3TO mode [64] at ~1450 cm
-1
 are clearly visible in each spectrum. The intensity of 
the Si 3TO mode, due to the substrate, decreases as the growth pressure increases, which 
correlates with an increased h-BN film thickness (Figure 4.5). Additionally, the average peak 
position of the E2g mode decreases from 1370.2 cm
-1
 for the sample grown at 1.2 Torr sample 
to 1368.6 cm
-1
 for the sample grown at 200 Torr (Figure 4.10). By contrast, the average 
position for the 760 Torr growth is 1369.1 cm
-1
 (Figure 4.10). While the shift in peak 
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position is less than expected for the transition from one to two h-BN layers to a 10 nm thick 
film [63], the film’s changing chemical structure at higher growth pressures could alter the 
peak position from the expected value for bulk-like h-BN (~1366 cm
-1
). Since the roughness 
increases and the bonding structure of the films changes with growth pressure, it is likely that 
the E2g peak position will differ from that of exfoliated h-BN. 
 Those points notwithstanding, we now focus on the E2g band FWHM, which is less 
sensitive to strain and more representative of h-BN crystallite ordering [65]. The 
representative spectra reveal that the full width at half maximum (FWHM) of the E2g mode 
increases with growth pressure. Figure 4.11 shows histograms of the FWHM of the E2g mode 
for the different h-BN growth pressures extracted by fitting the E2g mode with a single 
Lorenztian. Here, the average FWHM values for the two LPCVD grown h-BN samples are 
19.2 cm
-1
 and 19.7 cm
-1
 for the growths at 2.0 Torr and 1.2 Torr, respectively. These values 
(ca. 20 cm
-1
) are representative of all LPCVD h-BN growths in this study and are similar to 
FWHM values reported for thin h-BN exfoliated from sintered crystals [63]. Conversely, the 
average E2g mode FWHM increases to 28.3 cm
-1
, 24.5 cm
-1
, and 25.1 cm
-1
 for the samples 
grown at 20 Torr, 200 Torr, and 760 Torr, respectively. Though the h-BN sample grown at 
20 Torr is an outlier (see HM flow condition discussion, Section 4.11, page 128), the 
apparent trend of increasing FWHM with increasing growth pressure indicates that the h-BN 
films lose long range order and become defective when grown at high background pressures.  
4.7 Band Gap of LPCVD Grown h-BN Films 
 Finally, we assess the electronic, topographic, and optical nature of our LPCVD h-BN 
films. We can concurrently assess electronic and topographic information by using STM. 
Figures 4.12a and 4.12b show STM topographs of thin h-BN on Cu foil grown under 
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LPCVD conditions at 2.0 Torr. Both images are relatively streaky and require high bias 
conditions for imaging. Although there is no evidence of Moiré superstructures between the 
h-BN and the Cu, the STM can resolve larger morphological features, such as Cu substrate 
terraces. The need for these bias conditions, the lack of finer Cu substrate detail through the 
h-BN, and missing Moiré superstructures indicate that this film has a wide band gap and is 
thin, but certainly more than one layer thick (i.e., 2 to 3 layers), consistent with the AFM step 
height (Figure 4.5). By contrast, the STM topograph of h-BN grown at 1.2 Torr (Figure 
4.12c) shows a linear pattern from the Cu substrate. This linear pattern has a period of ~2 nm, 
similar to the pattern observed for graphene on Cu(111) after oxygen intercalation [66]. 
Unlike the sample in Figures 4.12a and 4.12b, scanning is stable at tip-sample biases well 
within the h-BN band gap for the sample in Figure 4.12c. Therefore, this sample is most 
likely an h-BN monolayer on the Cu foil substrate.  
 To determine the band gaps of our h-BN films on two different length scales, we 
perform scanning tunneling spectroscopy (STS) and ultraviolet-visible (UV-vis) absorption 
spectroscopy. To elucidate the electronic structure at the nanometer length scale, we record 
STS data concurrently at multiple points for some of the STM scans. The STS data for the h-
BN film on Cu foil shown in Figures 4.12a and 4.12b in multiple locations indicate that the 
film has a wide band gap. The plot shown in Figure 4.12d displays the magnitude of the 
tunneling current (I) on a semi-log scale versus the tip-sample bias (V) of individual STS 
spectra, with the average spectrum shown by the solid, black line. These spectra reveal an 
average band gap of ~5.7 eV, confirming the expected h-BN band gap [9, 12] and indicating 
that the LPCVD grown h-BN films possess the proper electronic structure.  
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In order to verify that the measured band gap at the nanometer scale persists across 
the entire film, we measure the optical band gap by UV-vis absorption spectroscopy. The plot 
displayed in Figure 6e shows UV-vis absorption spectra for h-BN films grown at 1.0 Torr 
and 1.2 Torr after transfer to UV-transparent quartz. Using the Tauc method [11, 12, 16, 18, 
67] to extract the optical band gaps from UV-vis absorption spectra shows that the LPCVD 
h-BN films have band gaps between 5.3 eV and 5.5 eV, within the expected range for h-BN 
[9, 12] and very close to the values measured by STS. Simple two-point probe transport 
measurements of an h-BN film grown under LPCVD conditions further confirm that the 
films are not conducting (Figure 4.13). Our combined STS and UV-vis absorption 
spectroscopic measurements support the conclusion that the LPCVD h-BN films have the 
electronic signature of crystalline h-BN. 
4.8 Discussion 
 Our study shows that the growth rate increases with growth pressure, but at pressures 
of 20 Torr (PH2 = 4 Torr) or above the films contain larger and larger amounts of a sp
3
 
component that is similar to amorphous BN or polyaminoborane. This faster growth rate is 
consistent with previous studies of the CVD of graphene, showing that H2 serves as a co-
catalyst [46] and that the growth depends on the H2 to precursor ratio [46, 47]. The results 
are, however, in contrast to previous findings that H2 etches spurious h-BN nucleation [13] 
and removes polymeric PAB and PIB species [41]. In order to reconcile these apparently 
contrasting observations, we propose that, at the higher growth pressures, the faster h-BN 
growth rates cause the Cu foil to become quickly covered, thus suppressing its catalytic 
activity. As a result, the precursor does not completely decompose on top of the already 
deposited h-BN layers. It is known that, in the absence of a catalyst, growth of h-BN from 
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H3N–BH3 requires very high temperatures (~1500 °C) [27]. Incomplete decomposition of the 
H3N–BH3 precursor [27, 62] explains several of the properties of the h-BN samples grown at 
760 Torr: the amorphous, disordered surface topography, the sp
3
 components observed in the 
XPS data, and the extra peaks in the FTIR spectra.  
 The ratio of H2 to volatile H3N–BH3 decomposition byproducts is critically important 
in CVD growth of h-BN, similar to graphene CVD growth on Cu [46, 47]. Our HM flow data 
shows that the presence of excess flux from the precursor reservoir, under LPCVD 
conditions, can lead to very thick (~45 nm), nanocrystalline h-BN films. For our planar, 
highly crystalline h-BN films grown under LPCVD conditions, we estimate the ratio of H2 to 
H3N–BH3 decomposition byproducts to be ~50. While our work suggests that APCVD 
grown h-BN is inferior to LPCVD grown h-BN, it is also possible to grow high-quality h-BN 
with large grain sizes under APCVD conditions on an electropolished Cu surface [40]. This 
can be accomplished by using a much lower precursor temperature—reducing the precursor 
flux and lowering the growth rate—and a higher substrate temperature, as recently reported 
[40]. This finding also underscores the sensitivity of h-BN CVD growth to the ratio of H2 to 
H3N–BH3 decomposition byproducts. Due to the sensitivity of the ammonia-borane 
decomposition rate and composition to temperature [27, 36, 62, 68], controlling the 
temperature of the precursor reservoir is especially important.  
A variety of heated precursor positions relative to the CVD growth furnace have been 
reported in literature, including both in-line with the gas flow [32, 38] and placement in a 
separate heating area [30]. This latter arrangement requires the precursor to diffuse into the 
gas flow (as in our setup) to reach the Cu growth surface, but allows the use of an in-line 
filter [30]. Such an arrangement also lends itself to use of a heated mass flow controller for 
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the ammonia-borane precursor. Given the observed dependence of the growth rate and 
morphology on the ratio of H2 to H3N–BH3 decomposition byproducts, use of a mass flow 
controller could greatly improve control over the precursor flux and improve tolerance to 
precursor temperature variance.     
4.9 Conclusions 
 In summary, we find that the growth of large-area h-BN on Cu by CVD depends 
critically on the growth pressure. Uniform, planar thin h-BN grows under LPCVD conditions 
(PTOT = 2 Torr or less), while medium pressure (PTOT = 200 Torr) and APCVD growth 
conditions (PTOT = 760 Torr) lead to thicker films with a mixture of h-BN and partially 
decomposed H3N–BH3 species with sp
3
 character. Comparison of resulting film thicknesses 
after growth shows that the growth rate increases as the pressure increases. Under medium 
pressure and APCVD conditions, the faster growth rate leads to a rougher, more 
nanocrystalline film that more quickly passivates the Cu catalyst substrate. In the absence of 
the catalytic activity of the Cu surface, the volatile H3N–BH3 precursor byproducts do not 
fully decompose. Consequently, amorphous, polymeric features appear on the surface of the 
h-BN films grown under APCVD conditions. Moreover, growth under HM conditions shows 
that the growth rate depends critically on the flux ratio of H2 to H3N–BH3 decomposition 
byproducts, even under LPCVD growth conditions. Our fundamental insights into the CVD 
growth of h-BN on Cu builds onto the well-established methodologies that exist for graphene 
growth on Cu. Knowledge of these growth mechanisms will result in better design of h-BN 
growth protocols, enabling the fabrication of large-area, high-quality electronic and 
encapsulatory h-BN heterostructures. 
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4.10 Methods 
4.10.1 Chemical Vapor Deposition of h-BN on Cu Foil 
 Growth experiments are conducted in a retrofitted Atomate CVD furnace (Figure 
4.1). Care must be taken to eliminate adventitious carbon sources from the growth chamber, 
otherwise h-BNC [67] or defective G/h-BN heterostructures will result; the presence of these 
impurity phases can be detected by Raman spectroscopy.  The substrates are 0.001 inch thick 
(0.0254 mm) 99.8% purity Cu foils (Alfa Aesar), which are rinsed before use with a 10:1 
H2O:HCl solution as previously described [69-71] and annealed for 2 hr under Ar/H2 (500 
sccm Ar / 100 sccm H2) at 1000 °C. The annealing step increases the Cu grain size and 
lowers the number of BN nucleation sites [39, 40]. The precursor H3N–BH3 (Aldrich) is 
transferred under N2 into a stainless steel ampoule, minimizing water exposure of the 
hygroscopic H3N–BH3. To transport the precursor into the furnace, the ampoule is heated to 
~95 °C, and the decomposition byproducts diffuse into the Ar/H2 carrier gas flow to reach the 
furnace. The h-BN films are grown at 1000 °C in an Ar/H2 background at the different 
pressures indicated. After carrying out the depositions for 25 min, the samples are cooled at 
~20 °C/min under Ar at a flow rate of 500 sccm.  
Figure 4.14 shows TEM data from an h-BN film grown under LPCVD conditions and 
selected area electron diffraction (SAED) illustrating the hexagonal ordering of the film. 
Figure 4.15 shows AFM and SEM images of a partially grown h-BN film. The h-BN islands 
have the expected triangular shape [15, 72] and are oxidation resistant [6, 73]. See Section 
4.11, page 128 for further discussion of the conditions that result in a higher precursor flux 
(HM) than expected for the precursor temperatures used. For further characterization, the 
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grown h-BN films are transferred from the Cu substrate to 90 nm SiO2/Si (SiO2) wafers using 
standard polymer-based supports detailed elsewhere [71, 74]. 
4.10.2 Sample Annealing After Transfer 
 Post-transfer annealing of the samples to remove transfer polymer residues also used 
the same furnace as h-BN growth using a quartz tube dedicated to sample annealing. Early 
anneals of transferred h-BN films used conditions similar to post-transfer graphene anneals, 
namely, 1 hour in Ar/H2 at 400 °C to remove transfer residues. However, the presence of H2 
in the anneal lead to pitting and etching of the transferred h-BN. Given this observation and 
another report of H2 etching of h-BN in literature [13], we ceased post-transfer anneals in H2 
atmosphere. In light of publications on cleaning h-BN after transfer [75] and its oxidation 
resistance [6, 73], subsequent post-transfer sample anneals took place in air at 550 °C. We 
also attempted polymer removal by rapid thermal annealing for 10 minutes in Ar at 600 °C, 
but the polymer residue was higher than those samples annealed in air. 
4.10.3 Lithographic Patterning 
 For lithographically patterned h-BN samples, we defined a square array in the h-BN 
film by UV photolithography, using a conventional TEM grid as a mask and an O2 plasma to 
etch. Polymethylglutarimide (PMGI; MicroChem) was spun at 3500 RPM for 30 s and cured 
at 165 °C for 5 min. Shipley 1813 PR (MicroChem) was spun on top of the cured PMGI at 
5000 RPM for 30 s. The PR was soft baked at 110 °C for 70 s, flood exposed through a TEM 
grid to UV for 4 s on a Karl-Suss aligner (i-line), and developed for 50 s in MF-319 
(MicroChem). Using the patterned PR as a mask, we etched the samples in an O2 plasma for 
1 min under 20 sccm flowrate of O2 at 100 mTorr throttle pressure and ~90 W power. We 
noted that for some samples (i.e., those grown in APCVD conditions), this etch time was 
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insufficient. After the O2 etch, the samples were soaked in hot (~50 °C) Remover PG 
(nominally n-methylpyrrolidone) for 20 min. 
4.10.4 Scanning Electron Microscopy 
 We used an FEI environmental SEM operating at 5 kV to examine the h-BN films 
immediately after growth on the Cu foil. All images were taken using an ultrahigh-definition 
mode, which increases the dwell time and the beam current. We maintained similar values 
for the brightness and contrast during image collection, so that the images in Figure 4.2 can 
be adequately compared. 
4.10.5 Atomic Force Microscopy 
 Most AFM images were collected in tapping mode with ~300 kHz Si cantilevers on a 
Bruker AFM with a Dimension IV controller. Scan rates were slower than 2 Hz, and 
sampling was at least 512 samples per line by 512 lines. Most images were sampled at 1024 
samples per line by 1024 lines. Images without substantial noise and stable phase imaging 
were selected for analysis. Images were de-streaked, plane fit, and analyzed using Gwyddion 
[76]. Root mean square (RMS) roughness values were determined using Gwyddion and 
through an algorithm written in MATLAB. Autocorrelation values were also determined and 
fit in Gwyddion. Some AFM images given in this document were taken on an Asylum 
Research MFP-3D AFM. On that system, tapping mode AFM was performed using ~300 
kHz resonant frequency Si cantilevers (NSG30 AFM tips from NT-MDT).   
4.10.6 X-Ray Photoelectron Spectroscopy 
 A Kratos ULTRA XPS with a monochromatic Kα-Al X-ray line was used to collect 
data. We fitted all sub-peaks with Shirley backgrounds and Gaussian-Lorentzian (GL) 
mixing. The amount of GL character was optimized (i.e., not fixed) in our fits, so as to lower 
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the chi-squared value and be representative of the true chemical state of the sub-peak in 
question. To prevent sample charging, samples were mounted to a conducting stage using 
conductive tapes or a clamp. The use of a flood gun during data collection further 
compensated for any stray charging effects. All core levels were subsequently charge 
corrected to adventitious sp
2
/sp
3
 carbon at ~284.8 eV. This charge correction was determined 
by fitting Gaussian-Lorentzian line shapes under the C 1s core level for each sample. All 
other sub-peaks were fitted using the aforementioned GL mixing procedure. 
4.10.7 Fourier Transform Infrared Spectroscopy 
 We used a Thermo Nicolet NEXUS 670 FTIR with a Smart iTR Attenuated Total 
Reflectance (ATR) Sampling Accessory with a ZnSe window to collect FTIR spectra on the 
h-BN films while still on the Cu foil growth substrate. Data acquisition used 2 cm
-1
 
resolution and 256 scan summation for all measurements. 
4.10.8 Raman Spectroscopy 
 The acquisition of the Raman spectra used a Horiba LabRAM HR 3D-capable Raman 
spectroscopy imaging system at 532 nm wavelength excitation. Data was collected with an 
1800 lines/mm grating, a 100x (0.8 NA) objective, and a power level below ~10 mW. We 
noted that the Raman cross-section of h-BN is low for this excitation wavelength [77]. To 
improve the signal-to-noise ratio, each spectrum consisted of an average of four to six 
individual measurements made at the same location, each with a 45 – 60 s acquisition time. 
Our analysis of the Raman maps used a single Lorentzian to fit the E2g mode and a second 
Lorentzian to fit the higher order (~1450 cm
-1
) Si 3TO mode intrinsic to the SiO2/Si 
substrate. The point spectra were fitted using with Lorentzians using a Levenburg-Marquardt 
fitting algorithm in Fityk [78]. 
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4.10.9 Scanning Tunneling Microscopy 
 Our experiments employed a homebuilt, room-temperature ultrahigh vacuum 
scanning tunneling microscope (UHV-STM) [79] with a base pressure of ~3×10
-11
 Torr and 
electrochemically etched W and PtIr tips. Some of the tips were sharpened using field-
directed sputter sharpening [80]. We scanned the samples in constant-current mode, where 
the feedback electronics controlled the tip height in order to maintain a current set point 
while rastering the tip across the surface. The STM tip was grounded through a current 
amplifier, and the tunneling bias was applied to the sample. For the constant-spacing 
scanning tunneling spectroscopy (STS) measurements, the tip stopped at predetermined 
locations, the control system turned off the tip feedback, and it swept the tip-sample bias 
through the specified range while recording the tunneling current. 
4.10.10 Ultraviolet-Visible Absorption Spectroscopy 
 A Shimadzu UV-1650 PC was used to collect UV-vis absorption transmission spectra 
for the samples at an incidence angle of approximately ~60°. 
4.11 High Ammonia-Borane Mass Flow Growth Conditions 
 The temperature of the ampoule containing the ammonia-borane (H3N–BH3) powder 
controls the precursor flux during the growth. If the precursor temperature is not controlled 
well, then the precursor flux during growth will vary widely. During our growth experiments, 
we observed that there is typically a small increase (~10 to ~100 mTorr) in the measured 
pressure in the growth chamber upon opening the valve between the precursor ampoule and 
the Ar/H2 flow at the inlet of the furnace. During the first thermal cycle of the precursor, the 
increase in pressure upon opening the valve to the precursor can be significantly higher, from 
an increase in pressure by ~1 Torr to a maximum observed increase of ~10 Torr. Such a large 
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flux of precursor byproducts flooding the chamber dramatically changes the balance between 
the H3N–BH3 byproducts and H2. Previous studies of CVD growth of graphene on Cu 
substrate [46, 47] showed that the ratio of carbon precursor to H2 plays a very important role 
in nucleation density and grain size. As shown in Figures 4.4 and 4.5, the resulting film 
thickness and film roughness both increase during a growth where HM precursor conditions 
existed upon opening the precursor valve as compared to a growth with normal precursor 
flux. For the h-BN sample shown in Figure 4.4c, the precursor temperature was not well-
controlled and varied between ~90 °C and 100 °C. For the h-BN sample shown in Figure 
4.4d, the precursor temperature was between 99 °C and 102 °C. While a higher precursor 
temperature can increase the precursor byproduct flux, this HM growth condition can also 
occur with the precursor temperature set to the 95 °C value used for the growth of the other 
of the samples in this study. Typically, this HM pressure spike occurs during the first growth 
after re-loading the ampoule with H3N–BH3. The HM growth condition can be minimized 
during the first growth by thermally cycling the precursor to the target temperature (95 °C in 
this case) while pumping under vacuum for ~15 – 25 min prior to use for h-BN CVD 
synthesis. Subsequent h-BN growths using the thermally-cycled precursor in the ampoule 
will have more typical increases in the chamber pressure (usually less than 100 mTorr) upon 
opening the precursor valve to begin the h-BN growth step.   
 The Raman data in Figures 4.16a and 4.16c shows a comparison of Raman statistics 
from a normal h-BN growth at 1.0 Torr and one with HM precursor flux with a background 
growth pressure of 0.6 Torr. During the HM growth, the pressure spike reached 10 Torr from 
the 0.6 Torr Ar/H2 background, and the resulting h-BN had a film thickness in excess of 45 
nm. While the peak position is nearly the same between the normal h-BN growth at 1.0 Torr 
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(Figure 4.16b) and the HM growth at 0.6 Torr (Figure 4.16a), the average FWHM of the h-
BN film grown under HM conditions (Figure 4.16c) is much higher than for the normal 
growth at 1.0 Torr (Figure 4.16d). Hence, HM growth conditions lead to h-BN films with 
larger E2g mode FWHM than for films grown under normal precursor flux conditions at the 
same or similar pressures. Larger FWHM for the h-BN E2g Raman mode indicates that HM 
conditions lead to h-BN films with more nanocrystalline and defective structure than their 
normal precursor flux counterparts [65].  
 The data from the Raman map of the h-BN film grown at 20 Torr (Figure 4.11) have 
an average E2g FWHM value of ~28 cm
-1
, very close to the ~29 cm
-1
 average FWHM of the 
Raman data for the HM growth in Figure 4.16c. This suggests that, despite the thermal pre-
treatment of the precursor immediately prior to use for this growth, the precursor flux for the 
h-BN sample grown at 20 Torr was also higher than expected for the precursor temperature. 
Given the detrimental effects of HM growth conditions, good control of the precursor 
temperature and preparation of the precursor are critically important for h-BN growth. While 
the HM growth from Figure 4.16a and 4.16c (film thickness of ~46 nm) shows that growth 
rate increases as the ratio between H2 and the H3N–BH3 byproducts (PH2:PH3N–BH3) goes 
down, the surface never has the dendritic, disordered features observed for h-BN grown at 
APCVD conditions. This points to a different growth mechanism for low pressure, HM 
growth conditions, likely Volmer-Weber island growth. The h-BN films grown under HM 
conditions underscore the importance of the ratio between the H3N–BH3 byproducts and H2 
in determining the properties of the resulting h-BN film.  
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4.12 Figures and Tables 
 
 
 
Figure 4.1. Experimental setup for CVD h-BN growth. (a) H3N–BH3 precursor cylinder and variac 
used to modulate the ammonia borane sublimation temperature. (b) Polymerized H3N–BH3 
breakdown products on a stainless steel flange after CVD h-BN growth. For this run, the growth 
pressure was at 2.0 Torr, the growth time was 25 min, and the precursor temperature was 95 °C. 
Polymerization occurs in the presence of high H3N–BH3 mass flow (high sublimation). Thus, care 
must be taken to control the sublimation rate carefully. 
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Figure 4.2. Scanning electron microscopy (SEM) images of h-BN on Cu grown at different pressures. 
Low pressure h-BN growth (a) at a large scale and (b) at a small scale, revealing a planar h-BN film, 
evidence of Cu step flow, and h-BN wrinkles. (c) Higher pressure growth, showing a loss of the finer 
Cu morphology and a rougher surface. (d) Medium-pressure growth, with similar morphology as (c). 
Atmospheric pressure h-BN growth at a large scale (e) and a small scale (f), with polymeric features 
plainly evident. These features result from a breakdown in Cu-mediated catalysis. 
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Figure 4.3. Scanning electron microscopy (SEM) images of other LPCVD and APCVD h-BN 
growths. (a, b) SEM images of h-BN grown at 1.2 Torr (LPCVD) show planar, conformal growth on 
Cu foil similar to that for h-BN grown at 2.0 Torr (Figures 4.1a and 4.1b). (c, d) SEM images from a 
different growth at APCVD show non-uniform, non-crystalline features on the surface, similar to that 
from the APCVD growth shown in Figures 4.1e and 4.1f. 
 
  
20 µm
c
10 µm
d
20 µm
a
5 µm
bPg = 1.2 Torr Pg = 1.2 Torr
Pg = 760 Torr Pg = 760 Torr
134 
 
 
 
Figure 4.4. Changes in h-BN film morphology due to precursor flux and growth pressure. (a) Atomic 
force microscopy (AFM) image of transferred and lithographically patterned (blue line) h-BN on SiO2 
growth at low pressure (1.2 Torr). (b) Low pressure (2.0 Torr) h-BN growth showing smooth 
morphology and etch tracks due to Ar/H2 anneal. (c,d) AFM images of transferred h-BN on SiO2 
grown at low pressure (2.0 Torr) but with a high mass (HM) flow of H3N–BH3. The HM condition 
gives a more nanocrystalline h-BN film, as seen in the overlaid height profile. (e) Medium pressure 
(20 Torr) h-BN growth with heightened H3N–BH3 catalysis on a former Cu annealing twin. AFM 
image (f) and height profile (g) for lithographically patterened (blue line) h-BN grown at medium 
pressure (200 Torr). (h) Patterned AFM image for h-BN grown at atmospheric pressure (760 Torr). 
The APCVD grown film is highly inhomogeneous and rough, with polymeric depressions 
corresponding to the features seen in SEM. 
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Table 4.1. RMS roughness of h-BN versus growth pressure after transfer to SiO2/Si. 
 
Growth ID Growth Pressure 
(Torr) 
RMS Roughness (nm) 
h-BN #30 1.2 0.58  
h-BN #3 
h-BN #10 
2.0 (HM) 
2.0 
1.51  
0.45 
h-BN #17 20 3.20 
h-BN #13 200 1.53 
h-BN #12 760 1.64 
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Figure 4.5. Step height contours for h-BN films synthesized at different growth pressures. The 
measured step heights for the h-BN films indicate that film thickness, and thus growth rate, increases 
with growth pressure monotonically, except at the highest (APCVD) pressures.  
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Figure 4.6. Chemical information for different h-BN growth pressure setpoints. X-ray photoelectron 
spectroscopy (XPS) core level data with respect to growth pressure for the B 1s (a) and N 1s (b) 
photoelectron (PE) lines. All growths give hexagonally structured BN, as confirmed by the main B 
sp
2
 peak (orange) in the B 1s PE line. The “BC” label indicates Cu growth foil from a different 
vendor. For B 1s, a secondary sp
3
 B peak (blue) appears and widens with increasing growth pressure, 
indicative of polymeric components. (c) h-BN core level FWHM and stoichiometry values versus the 
growth pressure. More disordered, non-stoichiometric BN films occur at higher pressure.(d) Time-of-
flight secondary ion mass spectroscopy (TOF-SIMS) depth profiling for low-pressure h-BN (2 Torr), 
demonstrating sub-surface B diffusion in the Cu. 
196 192 188 184
1000
1500
2000
2500
3000
3500
404 400 396 392
2000
4000
6000
8000
10000
20 Torr
2.0 Torr, BC
200 Torr
760 Torr
2.0 Torr
O
ff
s
e
t 
C
o
u
n
ts
/s
Binding Energy (eV)
20 Torr
2.0 Torr, 
BC
760 Torr
200 Torr
2.0 Torr
O
ff
s
e
t 
C
o
u
n
ts
/s
Binding Energy (eV)
N 1sB 1s
a b
1 10 100 1000
0
1
2
3
4   sp
2
 B FWHM
  sp
3
 B FWHM
  sp
2
 N FWHM
C
o
re
 L
e
v
e
l 
F
W
H
M
 (
e
V
)
Growth Pressure (Torr)
0.0
0.5
1.0
1.5
y
, 
B
N
y
 S
to
ic
h
io
m
e
tr
y
  Stoichiometry
0 10 20 30 40 50
1E-5
1E-4
1E-3
0.01
0.1
1
 H
 B
 Cu+H
2
 Cu+N  
N
o
rm
a
li
z
e
d
 C
o
u
n
ts
 (
to
 C
u
)
Time (s)
TOF-SIMS
c d
138 
 
 
 
 
Figure 4.7. X-ray photoelectron spectroscopy (XPS) core level comparison of other LPCVD and 
APCVD h-BN growths. (a) B 1s and N 1s photoelectron (PE) lines for h-BN grown on Cu foil at 1.2 
Torr (LPCVD conditions). (b) B 1s and N 1s PE lines for h-BN grown on Cu foil at 760 Torr 
(APCVD conditions). The LPCVD grown h-BN film in (a) has no sp
3
 component, while the APCVD 
grown film in (b) shows a significant sp
3
 component in the B 1s PE spectrum. The APCVD grown 
film also has a small sp
3
 component in the N 1s PE spectrum. The stoichiometry of the LPCVD 
grown h-BN in (a) is nearly 1:1, while that for the APCVD grown h-BN in (b) is boron-rich. 
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Table 4.2. Summary of XPS statistics for different h-BN growths.  
 
Growth 
Pressure 
(Torr) 
sp
2
 B sp
3
 B sp
2
 N Stoichiometry 
BE (eV) 
FWHM  
Γ (eV) BE (eV) 
FWHM 
Γ (eV) BE (eV) 
FWHM 
Γ (eV) y, BNy 
1.2 190.7 1.27 – – 398.3 1.24 1.02 
2.0 190.5 1.14 – – 398.1 1.15 0.95 
2.0, BC 190.7 1.22 – – 398.1 1.20 1.04 
20 190.6 1.15 191.3 1.86 398.2 1.31 0.89 
200 190.6 1.00 191.1 1.40 398.2 1.19 0.81 
760 190.6 1.16 191.5 2.01 398.2 1.20 1.03 
760 190.6 1.11 191.6 2.00 398.1 1.17 0.88 
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Figure 4.8. Fourier transform infrared spectroscopy (FTIR) of h-BN grown at different pressures. (a) 
Spectra for h-BN grown at different pressure in the region near the LO A2u mode of h-BN [61]. 
Spectra offset for clarity. All of the h-BN growths show a peak near ~824 cm
-1
. The low intensity and 
peak at ~794 cm
-1
 suggest a disordered film for APCVD h-BN. (b) High wavenumber spectra for 
APCVD and LPCVD (2.0 Torr) h-BN films. The APCVD growth shows a higher baseline versus the 
LPCVD case. Several small peaks appear at ~1144, ~1207, and ~1271 cm
-1
, indicating the presence 
of incomplete H3N–BH3 breakdown products [27]. 
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Figure 4.9. Representative point Raman spectra of transferred h-BN grown at different pressures 
fitted with Lorentzians. The E2g mode of h-BN at ~1370 cm
-1
 and the Si 3TO mode at ~1450 cm
-1
 are 
apparent.   
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Figure 4.10. Histograms of E2g peak position for Raman spectra maps of transferred h-BN grown at 
different pressures. The E2g average peak position decreases as growth pressure increases. This 
indicates thicker h-BN films [63] as the growth pressure increases. However, the decrease in average 
peak position is less than expected [63], especially for a 10 nm thick h-BN film, as in the 200 Torr 
case. 
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Figure 4.11. Histograms of E2g band full width at half maximum (FWHM) for Raman spectra maps 
of transferred h-BN grown at different pressures. The higher growth pressure films have larger 
FWHM values, which indicate the presence of more disorder in those samples [65].   
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Figure 4.12. Band gap of LPCVD grown h-BN films. (a, b)  Scanning tunneling microscopy (STM) 
topographs for thin h-BN grown under LPCVD (2.0 Torr) conditions. The wide band gap of the 
grown h-BN necessitates using large tip-sample biases (±4 V) to scan the surface. (c) An STM 
topograph of lower pressure h-BN growth (~1.2 Torr). This monolayer h-BN film is thin enough to 
scan at smaller tip-sample biases. (d) Scanning tunneling spectroscopy (STS) data on the same low-
pressure sample in (a, b), showing a wide electronic band gap characteristic of h-BN. (e) Optical band 
gap extraction from low pressure (1.0 and 1.2 Torr) CVD grown h-BN films shows band gaps near 
5.4 eV.  
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Figure 4.13. Two-point probe device transport on h-BN grown at 2.0 Torr showing ID–VG 
measurements on h-BN between two Au/Ti contacts. Current ID is comparable to the noise floor for 
the probe station. This data indicates that the h-BN is not conducting.  
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Figure 4.14. Transmission electron microscopy (TEM) imaging of h-BN grown at low pressure. (a) 
Bright-field TEM image of PMMA-transferred h-BN grown at 2.0 Torr. (b) Photograph of selected-
area electron diffraction (SAED) of the area in (a), showing hexagonal, single-domain CVD h-BN. 
The single set of diffraction spots suggests that we have AA’ stacked h-BN and not turbostratic BN 
(t-BN), as t-BN possesses multiple h-BN layers rotationally misoriented out of the basal plane. 
 
 
 
Figure 4.15. Partially grown h-BN on Cu after Cu oxidation. AFM height (a) and amplitude (b) 
images of h-BN on oxidized Cu. The h-BN islands exhibit the expected triangular shape and are 
oxidation resistant. This foil was oxidized at ~300 °C for several hours. (c, d) SEM images of the 
same sample from (a, b) showing the triangular h-BN islands protecting the Cu surface from 
oxidation. 
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Figure 4.16. Raman histograms for h-BN grown with different precursor amounts. Raman E2g band 
position for LPCVD h-BN growth with high precursor flux condition (a) and LPCVD h-BN growth 
with normal precursor flux condition (b). Due to a precursor problem during the growth in (a), there 
was a brief spike in the pressure when opening the valve to the precursor ampoule from the 0.6 Torr 
background to 10 Torr. Such conditions greatly change the ratio of precursor to H2 from normal 
growth process. Similar to the comparison between LPCVD and high precursor flux LPCVD h-BN 
shown in Figure 4.5, the h-BN from (a) was thicker than that from (b), despite similar growth 
pressures. Despite the different film thicknesses between the two growths, they share the same 
average E2g band position at ~1371 cm-1. Comparing the full width at half maximum (FWHM) of the 
E2g Raman mode for the two cases (c, d) shows that the high precursor flux LPCVD h-BN growth has 
a significantly higher FWHM compared to the LPCVD growth with normal precursor flux. The larger 
FWHM value indicates that the high precursor flux LPCVD h-BN growth is nanocrystalline,3 despite 
the low Ar/H2 background growth pressure used. Thus, the larger ratios of precursor to Ar/H2 carrier 
gas create h-BN with smaller crystallite size. The h-BN film from (a, c) was thick, with a step height 
of ~46 nm. This implies that in the high mass flow regime the surface catalysis reaction rate is 
dominated by the mass transport reaction rate. Ultimately, the film’s thickness is determined by how 
much H3N–BH3 can diffuse through a gas boundary layer. The high level of sensitivity for the h-BN 
growth reaction rates in the LPCVD regime is in striking contrast to graphene [45].  
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CHAPTER 5. SUMMARY AND FUTURE WORK 
 
5.1 Summary  
We have addressed challenges to graphene integration into next-generation 
nanoelectronic devices in three areas: synthesis defects, substrate interactions, and growth of 
graphene’s insulating analog, hexagonal boron nitride (h-BN). Our STM study of grain 
boundaries (GBs) in graphene grown by chemical vapor deposition (CVD) on Cu foil shows 
that they are aperiodic with small average vertical heights of 1.9 Å. As expected, the GBs 
strongly perturb the electronic structure of the graphene. They decrease the local work 
function at the GBs over ~2 nm to either side and lead to p-n-p and p-p’-p (p’<p) potential 
barriers. These potential barriers scatter charge carriers incident on the GBs. Fourier analysis 
of the electronic superstructures observed adjacent to the GBs with the STM shows that these 
potential barriers lead to both backscattering and intervalley carrier scattering, depending on 
the stitching of the grain boundary. Combining the spectroscopic and scattering results 
indicates that GBs that are more periodic and well-stitched with smaller rotational 
misorientation angles between the grains serve to reduce the potential barrier formed at the 
GB. This in turn reduces scattering from the GBs. While wafer scale growth of single crystal 
graphene on a Cu growth surface may not be possible, our results show that a polycrystalline 
graphene film where the graphene grains are well-stitched and have small rotational 
misorientation angles will reduce scattering compared to a film with larger rotational angles 
between the graphene grain [1]. 
Our study of the interaction between graphene and the clean Si(111) – 7×7 surface 
observe an electronic semi-transparency effect win which the substrate electronic structure is 
resolved directly “through” the graphene. This effect differs from that observed for graphene 
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on other surfaces; for this system, the STM resolves the structure of the substrate Si(111) – 
7×7 surface reconstruction through monolayer graphene for all tip-sample biases. This semi-
transparency effect even occurs for bilayer graphene. Density-functional theory (DFT) 
calculations show that there are no bonds between the graphene and the substrate. Combining 
the STM results with the DFT calculations indicates that the STM tip must push the graphene 
closer to the Si(111) – 7×7 surface in order to maintain the setpoint tunneling current. The 
observed preservation of the substrate reconstruction from degradation by the graphene 
suggests use of graphene or h-BN as a means to preserve catalytic activity for substrates not 
compatible with ambient conditions. 
Examining the role of growth pressure in CVD of hexagonal boron nitride (h-BN) 
from ammonia borane (H3N–BH3) on Cu foil shows conclusively that it is a critical 
parameter in determining the growth rate, resulting film morphology, and chemical structure. 
Under low pressure CVD (LPCVD) conditions, uniform, few-layer planar h-BN grows. 
Medium pressure (P ≥ 20 Torr) and atmospheric pressure (APCVD) growth conditions lead 
to thicker films composed of h-BN and partially decomposed precursor species with sp
3
 
character. Due to the faster growth rate under APCVD conditions, the growing film more 
quickly passivates the Cu surface, preventing full decomposition of the H3N–BH3 precursor 
byproducts. These incompletely decomposed precursor species lead to amorphous, polymeric 
features on the surface of h-BN grown under APCVD conditions. Growths under high 
precursor flux (HM) conditions at low pressure show a much faster growth rate and reduced 
crystalline ordering than growth under normal LPCVD conditions. These HM conditions 
highlight the importance of the ratio of the carrier H2 gas to the volatile precursor byproducts 
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in addition to the importance of the overall growth pressure in determining the properties of 
the resulting h-BN films. 
5.2 Future Work 
 Our work studying grain boundaries (GBs) formed in graphene grown by CVD on Cu 
foil showed that some GBs with more periodic structures and smaller misorientation angles 
induced a smaller work function shift at the GB than less periodic GBs and those with larger 
misorientation angles [1]. This agrees with simulation work [2] and suggests finding CVD 
growth conditions in which the mosaic spread of the graphene grains is small. Such a large-
area graphene film should have less scattering than a film with a wider mosaic of 
misorientation angles between the grains. In this case, our STM measurements can provide 
direct feedback to improve the CVD growth of graphene. 
 Our work studying graphene deposited on the very reactive Si(111) – 7×7 surface 
showed that the substrate atomic structure was always visible through the graphene 
monolayers. The simulation work for the project indicated that the orbitals for the adatoms in 
the Si(111) – 7×7 reconstruction protrude far into vacuum beyond the π orbitals of the 
monolayer graphene. Scans of the surface with the STM many weeks after sample 
preparation while searching for graphene showed that the substrate reconstruction underneath 
the graphene was unperturbed while the surrounding Si(111) – 7×7 surface reconstruction 
had started to degrade. This suggests using the graphene as a “shrink-warp” to preserve the 
chemistry of the substrate in conditions not compatible with the clean Si(111) – 7×7 surface. 
An easy test of whether this methods works involves depositing larger-area graphene on the 
Si(111) – 7×7 surface in UHV and controllably expose the surface to an O2 dose. By 
controlling the dose of O2, one could examine the evolution of the structure and determine 
159 
 
the efficacy of graphene as a protective layer. A recent simulation paper suggests that 
graphene can serve as a protective layer for the Si(553) – Au surface from contamination 
while preserving the substrate electronic properties [3]. Given the insulating nature of 
ultrathin h-BN, monolayer h-BN could also be deposited in the same fashion to see if it also 
preserves the substrate chemistry and electronic structure. Such a study could also be 
extended as a function of layer number to determine the optimum coating to protect the 
interface while preserving the electronic properties of the substrate. 
 Polycrystalline Cu foil is one of the primary substrates for CVD growth of h-BN. 
Understanding the role of this substrate in the synthesis of CVD h-BN can improve efforts to 
increase the grain sizes of the resulting films by examining the nucleation density as a 
function of the crystalline facet of the Cu. The effect of the crystalline facet of Cu on 
graphene growth is well known [4]. Such a study could also identify growth parameters 
where the effect of the substrate crystallography is minimized.  
 The demonstration of novel graphene and h-BN heterostructure devices such as 
vertical tunneling transistors [5] and other proposed structures [6] suggest a need to be able 
to grow these structures rather than exfoliate from bulk crystals. Indeed, there is much 
interest in the ability to grow graphene and h-BN heterostructures in order to enable those 
new device structures. Experiments have demonstrated the ability to grow h-BN on top of 
graphene [7] (though a slow process), graphene on top of h-BN [8], and lateral 
heterostructures of graphene and h-BN [9, 10]. However, demonstration of the ability to 
grow arbitrary heterostructures with any desired order of graphene and h-BN is lacking. A 
recent paper has identified the number of h-BN layers required to passivate the underlying 
Cu foil and hinder direct CVD growth of graphene on top of the h-BN/Cu target [11]. 
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However, our efforts to grow graphene directly on top of CVD h-BN grown on Cu foil show 
the addition of another catalyst enables graphene growth on thicker h-BN films. Extending 
this work to determine the ideal external catalyst to enable this growth can assist in growth of 
stacked graphene and h-BN vertical heterostructures. 
 The use of isotopically-labeled methane in the CVD growth of graphene on Ni foil 
and Cu foil has shown conclusively that growth on Cu proceeds by surface catalysis, while 
growth on Ni proceeds by carbon segregation and precipitation [12]. While there is 
speculation that CVD growth of h-BN on Cu proceeds by surface catalysis [13], a recent 
report on CVD growth of h-BN on Ni showed conclusively that segregation and precipitation 
play a role in the growth [14]. These results immediately suggest studying the CVD growth 
of h-BN on both Cu and Ni using isotopically-labeled ammonia-borane to conclusively 
determine whether CVD growth on Cu involves precipitation from bulk or proceeds solely be 
surface catalysis.  
In light of the importance of the ratio between the precursor flux and the Ar/H2 carrier 
gas and the need to control this, a development project to implement a mass flow controller 
for the flux from the heated ammonia-borane precursor could greatly improve the 
reproducibility of CVD growth of h-BN. While there is a report of direct growth of small 
WS2 islands directly on h-BN [15], the experiment used small flaked of h-BN exfoliated 
from a bulk crystal. Demonstration of the ability to grow large-area transition metal 
dichalcogenides (TMDCs) on top of large area, CVD-grown h-BN would be a great step 
toward achieving novel devices fabricated entirely of two-dimensional materials [16]. 
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